
NRL Report 7878

Nuclear Magnetic Dipole Transitions
Excited by Backward Angle Scattering

LAWRENCE W. FAGG

Linac Branch
Radiation Technology Division

June 9, 1975

NAVAL RESEARCH LABORATORY
Washington, D.C.

Approved for public release; distribution unlimited.



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE BEFORE COMPLETINGFORMN

1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

NRL REPORT 7878i
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED

Nuclear Magnetic Dipole Transitions Excited by Interim report on a
Backward Angle Scattering continuing NRL problem

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)

Lawrence W. Fagg

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

Naval Research Laboratory NRL Problem H01-09
Washington, D.C. 20375 Project RR 012-06-41-5005

11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Department of the Navy June 9, 1975
Office of Naval Research 13. NUMBER OF PAGES

Arlington, Virginia 22217 84
14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) IS. SECURITY CLASS. (of this report)

Unclassified
ISa. DECLASSIFICATION/DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20. If different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse aide if necessary and identify by block number).

Electron scattering
Nuclear magnetic dipole transitions

20. ABSTRACT (Continue on revers.e ide if necessary and identify by block number)

The field of electroexcitation of nuclear Ml transitions is reviewed. The subject is intro-
duced with an elementary description of the relationship between backward-angle electron
scattering and Ml excitation. Data analysis methods as well as 1800 electron scattering tech-
niques are also treated. The discussion of experimental results emphasizes the strength of the
spin-flip transition, the concentration of Ml strength in self-conjugate nuclei, the degree of
fragmentation of this strength in other nuclei, and the response of odd-A rotational nuclei and
heavy nuclei to 1800 electron scattering.

DD IFJAN73 1473 EDITION OF I NOV 65 IS OBSOLETE
S/N 0102-014-6601

i
UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Zntared)

.

I



,LIUAITY CLASSIFICATION OF THIS PAGE(When Data Entered)

ii SECURITY CLASSIFICATION OF THIS PAGE(Whten Data Entered)



CONTENTS

INTRODUCTION .... . . . . . . . . . . . . . . . 1

THEORETICAL SURVEY .... . . . . . . . . . . . . 2

Relationship between Backward Angle Scattering and
Ml Transitions .... . . . . . . . . . . . . . 2

Nuclear Properties Studied at Backward Angles ... . . . 6
Radiation Tails and Radiative Corrections ... . . . .. 18

SURVEY OF EXPERIMENTAL TECHNIQUES IN
BACKWARD-ANGLE SCATTERING .......... . 22

Characteristic Experimental Problems in Backward-
Angle Scattering .... . . . . . . . . . . . . . 22

Significant Backward-Angle Scattering Techniques. . .. . 24
Other Experimental Considerations ... . . . . . . . 30

DISCUSSION OF EXPERIMENTAL RESULTS ... . . . . 35

Self-Conjugate Nuclei .... . . . . . . . . . . . . 35Other Than Self-Conjugate Nuclei ... . .. . . . ... 57
Remarks on Some Closely Related Experimental

Ml Studies .... . . . . . . . . . . . . . . . 68

CONCLUSIONS AND SUGGESTIONS FOR FURTHER
STUDY .... . . . . . . . . . . . . . . . . . . 69

ACKNOWLEDGMENTS .... . . . . . . . . . . . . . 69

REFERENCES .... . . . . . . . . . . . . . . . . 70

GLOSSARY OF SYMBOLS .... . . . . . . . . . . . 81

iii



NUCLEAR MAGNETIC DIPOLE TRANSITIONS EXCITED BY
BACKWARD ANGLE SCATTERING*

INTRODUCTION

It has been the peculiar characteristic of backward angle electron scattering in gen-
eral, and 1800 electron scattering in particular, to selectively excite magnetic multipole
transitions in nuclei. This has been especially true of magnetic dipole (Ml) transitions
amenable to excitation by the lower energy (<100 MeV) incident electron beams available
at some Linac laboratories throughout the world.

This very selectivity has served to delimit a subfield of nuclear physics that can
properly be called "Electroexcitation of Magnetic Dipole Transitions." Barber and his
collaborators [2,3] essentially founded this field with their early survey results using
backward angle electron scattering. Since that time there has been a steady growth in
the productivity and accuracy of the experimental results in this field, along with a con-
current growth in the theoretical interest in these results.

Two articles that have to some extent reviewed this field were written by Barber [3]
and by Goldemberg and Pratt [4] roughly a decade ago. The former article was actually
a review of inelastic electron scattering in general at an early stage of its development and
included discussions of pertinent scattering theory, experimental techniques, and the then-
current experimental results. The latter paper, although dealing essentially with magnetic
electron scattering, elastic and inelastic, was primarily devoted to theory and to extrac-
tion and interpretation of information on nuclear structure in general, with little discus-
sion of results of work on specific nuclei.

More recently Theissen [5], reviewing the inelastic electron scattering from light
nuclei, discussed the associated experimental apparatus, data analysis, and experimental
results. Whereas his article indeed deals with some more recently electroexcited Ml
transitions, its coverage is limited to the light nuclei, and the primary thrust of the arti-
cle is not directed to magnetic inelastic scattering.

Under these circumstances it was felt that a review of the electroexcitation of Ml
transitions in nuclei at this time would be useful. Furthermore, such a review would
be quite timely since a summarization of the first major phases of the effort in this area
could serve as a basis for the more precise work expected with the new round of higher
resolution, higher current Linac facilities (e.g., Bates-M.I.T., Darmstadt, Amsterdam,
Saclay) presently emerging. Thus, this report will present relevant theoretical consider-
tions, survey current experimental techniques, and attempt as complete as possible a

Note: Manuscript submitted February 11, 1975.

*This report is a considerably expanded version of an earlier outline on this subject [1].
This work was done in part under the auspices of the Aspen Center for Physics, Aspen, Colorado.
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coverage of electroexcited Ml transitions in nuclei at low-momentum transfers (<100 MeV/c).
However, no claim of ultimate completeness is made.t The presentation throughout will
be made from as elementary and conceptual a point of view as feasible.

Accordingly, a theoretical survey is presented in which considerable emphasis is placed
on an examination of the intimate relationship between backward angle electron scatter-
ing and excitation of Ml transitions. The nuclear properties that can be studied in back-
ward angle scattering along with Coulomb distortion effects are then discussed. Also,
some remarks on radiative tails and corrections relevant to backward scattering are in-
cluded. In the third section are mentioned some of the problems associated with 1800
scattering and their solution in terms of some of the more significant 1800 scattering
techniques. The main body of the experimental results are discussed in the fourth section.
Because of their uniqueness, the self-conjugate nuclei are the subject of a separate section
prefaced with some appropriate theoretical remarks, again of a most elementary nature.

THEORETICAL SURVEY

Relationship Between Backward Angle Scattering and Ml Transitions

The capacity of backward angle electron scattering to selectively excite Ml transi-
tions in nuclei was mentioned at the very beginning of the introduction. This intimate
relationship between backward angle scattering and excitation of Ml transitions, being
the foundation on which the field treated in this report is based, will be examined using
an elemental and descriptive approach.

Focusing attention exclusively on the relationship between 1800 electron scattering
and Ml transitions will simplify the discussion. However, the remarks will, of course,
also be applicable, but to a lesser degree, to scattering at backward angles not too far
from 1800. Two features of this relationship will be highlighted: (a) assuming certain
approximations, the longitudinal component of the scattering cross section vanishes at
1800, leaving only the transverse electric and magnetic components; (b) of the latter two
components, the transverse magnetic usually dominates if the excitation energy is not too
high compared to the incident electron energy.

To begin, it will be useful to define the distinction between the longitudinal and
transverse components. If we regard the electromagnetic interaction as that between the
nuclear charges and currents and the virtual photons generated by the electron in its
trajectory, the two components can be defined in terms of the polarizations of these
virtual photons. In particular, as shown in the extremely simplified diagram in Fig. 1,
the longitudinal interaction results from those virtual photons polarized along the direc-
tion of the momentum transfer q, whereas the transverse interaction results from those
polarized perpendicular to this direction.

The distinction between these components is quite clear cut in the expression for
the cross section in the plane-wave Born approximation (PWBA), where each term is

tFor reviews of Ml transitions per se, see, for example, Hanna [6] and Yoshida [7].
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Fig. 1 - Definition of longitudinal and transverse virtual photon polarizations
with respect to momentum transfer direction [1].

either longitudinal or transverse. However, in the distorted-wave expression (DWBA),
interference terms dilute this distinction. Thus, again for the sake of conceptual simplic-
ity, we will discuss the plane-wave expression which for a given multipolarity and for the
two components can be written as

doQ ~~~~LdaQ 47ra q2

d2 [(2L + 1)!!]2 p2 B(CL, q)VQ(0) (1)
2L

dot 47ra(L + 1) q2

dQ2 L[(2L + 1)!!]2 -p2 [B(EL, q) +B(ML, q)]Vt(O) (2)

with

cos 2(0/2) 1 + sin 2(0/2)

K 4 sin 4(0/2)' t 8 sin 4(0/2) (3)

where q is the momentum transfer and p, the incident electron momentum. The expres-
sions for VQ and Vt are valid in the approximation that p > w and m, where co is the
excitation energy and m the electron mass. B (CL, q), B (EL, q) and B (ML, q) are the
reduced transition matrix elements for longitudinal, transverse electric, and transverse
magnetic interactions, respectively.

Inspection of Eq. (3) shows that at 0 = 180°, VQ = 0; and thus daQ/d92 = 0. This is
the first important feature of 1800 electron scattering: that only the transverse electric
and magnetic components of the cross section are nonzero, subject to the above assumptions.

An elementary visualization of the basis for the vanishing of the longitudinal com-
ponent in the above equations can be given in terms of the conservation of helicity [8,9].
If it is assumed that the electron energy is large enough and the electron spin is thus
aligned or opposite to its momentum direction, then the conservation of helicity should

3
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be approximately valid. For helicity to be conserved in a 1800 scattering as shown in
Fig. 2, a spin-flip must occur. Since the longitudinal or Coulomb interaction cannot
cause a spin-flip, only the transverse electric and magnetic interactions will remain active
under these conditions.

Of these two interactions, it can be shown by means of two arguments that, for a
given multipolarity, the magnetic generally dominates in a 1800 scattering, if the excita-
tion energy is not too high [10]. The first of these arguments is based on the order-of-
magnitude estimates of the PWBA cross sections involved. For example, taking the
reduced matrix element (as defined by Rosen [11]) < Jf IlrLIIJi > - (1.2A1 /3 fm)L,
where fm is fermis and q - 100 MeV/c, typical for the relatively low-energy experiments
discussed here, tOberall [12] finds that

a (M1)/o (E1) - 3, a (M1)/o(E2) - 25, a (M1)/a(M2) - 8 . (4)

As will be seen in the fourth section, the estimate for a (M1)/l(El) is clearly lower
than what is generally observed experimentally. Nevertheless, even in this crude approxi-
mation some dominance is indicated. A somewhat more refined approximation in closer
general agreement with experiment observations has been made by Rosen [9] based on
the independent particle model [13]. Assuming the same initial and final state spins, the
same transition radii for the two kinds of transitions, and a q = 100 MeV/c, a ratio of

a(M1)/o(E1) - 16 (5)

is obtained.

That this dominance of the Ml cross section should prevail in 1800 scattering is
supported by another, somewhat more fundamental argument [14,15] which we start by
setting down the expressions for the four components of the electron current due to the
beam electrons. Assuming p, p' > m, then it can easily be shown that

ix u=ft xui - -2i(pp'/4m2 )/2 Xf t oaYxi (6)

= Uft ay ui - 2i (pp'/4m2 )/2 Xft oXXi (7)

iz = Uft xZU i < jX IY (8)

jo = U ff U i < iX) jY iy (9)

where p and p' are the incident and scattered electron momenta, respectively, and U f Ui
and xf , X- are the 4-component and 2-component final and incident electron spin
functions, respectively. Now jX and j Y are only nonzero for a spin-flip; and j_ and jo,
which are small relative to jx and jy, are neglected. Thus, if a spin-flip occurs in the
1800 scattering, we have

=(pp, /m 2 )/2 ei I q I-iqO t (i)(10)
( 1

4



NRL REPORT 7878

NUCLEUS

S

ELECTRON

Fig. 2 - The circular polarization of the virtual photon in a 180° electron
spin-flip scattering. The electron trajectory is shown for descriptive pur-
poses and is not intended to depict the actual trajectory. (From Ref. 1.)

where 7 is the 3-momentum transfer and q0 is the zeroth component of the momentum
transfer (approximately a, neglecting recoil); and where the space-time part of the
electron wave function has been included and the products of the spinors and Pauli
matrices evaluated. Also, for the sake of simplicity, Eq. (10) has been calculated for
the case of initial spin in the direction of the incident momentum. Solving the reduced
Maxwell equation

El2 A =7 (11)

for the vector potential A, we have

1 1 2 q iqo tA =_q2 2 (PP /m ) e iqt ( (12)

Now if the excitation energy w is not too large, then IqI > q0 , and we can state that

E A -2 (pp /m2 )/2 e iziqot( i 0 (13)

and

B VX AT , _ P (p/M )1/2 e i qT iOt(1 ) (1442 ~ ~ ~ ~ ~ \)(14)

Thus, under the conditions of the approximation used for these last two expressions,
only B is nonzero and the transition is magnetic. Since a spin-flip is involved, the angu-
lar momentum change is 1. Thus assuming that the lowest orbital angular momentun
involves the strongest interaction (which is true at the low-momentum transfers considered
here), we see that an Ml transition will dominate. It should be remembered that the mag-
netic field expressed in Eq. (14) is that associated with a virtual photon and not a real
magnetic dipole photon, which would have an accompanying electric field.
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It needs to be stressed that (13) and (14) are valid only when I4q > qo - co (if the
recoil is not too great), which, incidentally is the same approximation under which (3) is
valid. When this is not the case and w becomes comparable with IVI, then the transverse
electric field becomes effective. This explains why, for example, the 1800 electron scat-
tering spectra from 24Mg and 28 Si (pages 49 and 55) in the giant resonance region
(a20 MeV) show many of the peaks due to El transitions that are observed with scatter-
ing at more forward angles as well as with photon scattering. This feature of 1800 scat-
tering will be treated further in the discussion of sd-shell nuclei (p. 47).

Perhaps the most interesting feature of the result expressed in Eq. (14) is, as an
inspection of the phases of the components shows, that R is circularly polarized. As
mentioned earlier in calculating (10), the result in (14) is for the case when the electron
spin is directed along the incident and scattered momenta. A little study of the relative
phasing shows that the field in (14) is left-hand circularly polarized with respect to the
direction of q as shown in Fig. 2. If the incident and scattered spins were aligned in a
direction opposite to the corresponding momenta, B would be right-hand circularly
polarized.

This means that even with an unpolarized incident beam the nucleus in a 1800 scat-
tering has effectively been subjected to a nuclear alignment (for definition of nuclear
alignment see Ref. 16, p. 712). For example, suppose a nucleus with 0+ ground-state
spin undergoes an MI transition as a result of 1800 electroexcitation to a 1+ excited state.
Then the magnetic substates m = ±1 will be preferentially populated. This in turn means
that the decay gamma ray will in general be plane polarized.

Nuclear Properties Studied at Backward Angles

Plane-Wave Born Approximation - Again for the sake of clarity, we confine our
remarks on the study of nuclear properties to those determined by means of electron
scattering at 1800 only, using a PWBA analysis. A discussion of DWBA corrections to
such PWBA analyses as well as direct DWBA analysis itself will be given in the next sub-
section. From the measured values of the experimental cross sections at 1800, three
nuclear properties can in principle be determined (assuming q < 100 MeV/c): XL, the
multipolarity of the transition excited (X = E or M); Rt., the transition radius; and F0,
the ground-state transition width. The value of the last quantity can often provide use-
ful restrictions on nuclear wave functions (e.g., see p. 35). The question of the physical
significance of Rt, will be discussed in the next subsection.

One general approach adopted in determining these three properties is to compare
the experimental curve of cross section vs momentum transfer q to curves based on the
corresponding theoretical PWBA expressions using trial multipolarities and reasonable
transition radii (the use of the word "reasonable" here will be clarified below). Accord-
ingly, a fit is made of the PWBA curve to the experimental curve extrapolated to q=O
and XL and Rt, are thereby determined. The value of the cross section at q=O yields
B(XL, 0), from which Fo can be obtained.

6
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We start the details of this analysis by first setting down the PWBA expression for
transverse inelastic scattering at 1800:

/ do ira L + 1 q2L

dQ1 1 80o [(2L + 1)!!] 2 L p2

where L is the multipolarity, X = E or M, q is the momentum transfer, p the incident
electron momentum, a the fine structure constant, and B(XL, q) the reduced nuclear
matrix element. Incidentally, it should be remembered that at 1800, one has q = 2p - A,
where X is the nuclear excitation energy; thus the only means of varying q is by varying
the incident electron energy since other angles are not available in most 1800 systems.
The reduced matrix element B(XL, q) can be expanded in terms of q and the transition
radii RQx(Q = 2, 4, 6 . . ), which for the magnetic multipolarities is given by Rosen [11]:

= 01 L 1 2(2L+ 3) L + 1 8(2L + 3)(2L + 5) 1* 16)

where the first two transition radii R2M are defined as [111

L + 1 <JlrL+ 2 !1J0 >m (17)
2M L+3 <JIrLIIJ0>m

B4 = L + 1 <IrL+ 4 iiJ>m (18)

4M L + 5 <JllrLllj 0 >m

Initial and final states are here denoted by their spins, Jo and J, respectively. In Eqs.
(17) and (18)

<JllrL+2IIJo>m = <Jlld3r[rL+T.1 7 LL(r) + - V xrL+YL?]J 0>, (19)

where J and ,u are the nuclear charge current and magnetization density, respectively.

The reduced matrix element for the electric multipolarities is given by

q2B(EL, q) = lim [q2B(EL, q)] F1 - L -( 2L )B(EL q, q->O L1 L + 1 2(2L + 3)

L + 5 (qR4E)4 - . . 2 (20)
L + 1 8(2L + 3)(2L + 5) I

7
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where the first two transition radii are

B2 _ L + 1 <JllrL+2 JJJ0>ej - 2(2L + 3)R2 <JI~rLIIJo>eP
R2 = ______________________(21)

2E L + 3 <J''rLI"Jo>ej

and

R4
- L + 1 <JlirL+411J0>ej - 4(2L + 5)RC2 <JIArL+2IIJo>eg, (22)

4E L + 5 <JIrL IIJo>ej

where R. is the charge radius of the nucleus. In Eqs. (21) and (22) the matrix elements
due to nuclear charge currents and magnetization density, respectively, are

<JlArL+211Jo >ej = RC <l f d3r *7 VXrL+QYLL(A)IIJo> (23)

and

<,JlrL+Q IIJo>ep, = R-1<Jl fd3rrL+Qi * YLL( )IIJo>. (24)

When the transition radius Rb. is referred to here, it is taken as equal to R2 M or R2E,
depending on the transition being discussed.

It should be noted that only the transverse electric and magnetic components of the
cross section have been given above. This is motivated by the assumption that there is
an insignificant contribution from the longitudinal component, as was discussed on page 1.

In principle a truly model-independent analysis of experimental results using the
above expressions is possible only when all of the RQX are determined. Of course, this
would mean accurately measuring cross-section values at a large number of different values
of the momentum transfer including very high ones. However, since the expansions (16)
and (20) converge rapidly for low-momentum transfers and the lighter nuclei (which have
smaller values of RQX), in practice only a few measurements of the cross section at dif-
ferent momentum transfers are necessary for a virtually model-independent analysis. In
general for heavier nuclei such an analysis, even though DWBA corrected, is not accurate,
and direct DWBA cross-section calculations are then needed.

As an example of data reduction leading to values of XL, Rb., and F0 , we describe
the nearly model-independent analysis presently used [17] at the Naval Research Labo-
ratory (NRL) for light (A < 40) nuclei (of course, subject to DWBA corrections discussed
in the next subsection). This analysis is partially model dependent only in the sense that
it is convenient to use initially the generalized Helm model [11] to help determine the
transition multipolarity.

8
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We start the multipolarity determination with the assumption that multipolarities
L > 3 can be ignored. This seems valid, since thus far in the light nuclei at 1800 and at
low bombarding energies, such multipolarities have not been observed. Thus only Ml,
M2, El, and E2 transitions need be considered. Next, curves of cross section vs momen-
tum transfer for all four multipolarities are calculated using the generalized Helm model
and are compared with the experimental curve.

With this technique usually unambiguous multipolarity assignments can be made or
at least some possibilities can be eliminated. An example of how this technique rather
unambiguously assigns the 7.63-MeV transition in 22Ne an M2 character is shown in
Fig. 3. On the other hand, in Fig. 4 this technique indicates that the 9.14-MeV transi-
tion in this nucleus is either Ml or E2 in character. In this last case often theoretical
arguments can be used to resolve the ambiguity. For example, if the 9.14-MeV transition
is assumed to be E2 and on this basis its transition width is calculated, this width turns
out unreasonably larger than that of the shell model calculation [18]. Accordingly, an
Ml assignment is made as being the most probable for this transition.

Another feature of these generalized Helm model calculations that plays a strong
role in the multipolarity determination is the transition radius used. This quantity,
according to the model, is given by expressions (42b) and (43b) in Ref. 11 for electric
and magnetic multipole transitions, respectively. It has effectively become an empirical
rule that at least for the light nuclei (A < 40) the transition radius must be of the order
of the ground-state nuclear charge radius Rc.

That this is a necessary restriction on the transition radius can be seen from inspec-
tion of Fig. 5. This summary for the light nuclei given by Theissen [5] shows that for
Ml and E2 transitions Rb./RC = 1.09 and 1.41, respectively. Further comments on Rtb
and its physical reality, especially in the case of Ml transitions, will be made in the next
subsection.

Of course, multipolarity determinations can be made in a more model-independent
way by using the expressions given above. The use of the Helm model for this phase of
the analysis is a matter of simplicity and convenience. The resolution of any ambiguities
that the Helm model approach cannot resolve, can, of course, always be attempted with
a more model-independent approach.

In any event once the multipolarity is determined, then a best fit of the above
expressions to the experimental data is undertaken by varying the values of the transition
radii in (16) or (20). In doing this the experimental curve is extrapolated to q=0 and the
curve based on the above expressions is fitted to this extrapolated curve. With the fitting
procedure the value of Rtb can be determined. Then using the extrapolated value of the
cross section at q=0, one can determine B(XL, 0). This quantity can then be used to
determine ro from the relation

= 87T L+1 2L +1 (2J+ B(XL, co), (25)
° L [(2L+1)!!]2 2J+1 /

where B(XL,co) can be found from (16) or (20) by inserting q=cw, the excitation energy.

9
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Ex 7.63 MeV
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~M2

U) ~,7
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w10 lo-

(U \\\ \\I 2 \Li " ~~~~~~~~~El

I l l l l I 
0.1 0.2 0.3 0.4 0.5 0.6

q

Fig. 3 -- Comparison of the experimental curve
of cross section vs q based on three data points
with various generalized Helm model curves for
the four multipolarity possibilities considered
in the case of the 7.63-MeV transition in 2 2Ne.
The two curves El and El' represent the range
of "reasonable" transition radii that were used.

The foregoing description of the analysis of 1800 scattering data leading to values
XL, Rtr, and ro is obviously only one of several possible variations. However, it would
seem that all would have to be initiated by trial multipolarities as well as by fitting to
determine Rtr. Obviously, since data are taken at only one angle (1800) as discussed
here, occasional ambiguities in multipolarity assignment will occur, but these instances
are usually in a small minority.

Such PWBA analysis procedures as the above, without DWBA corrections, are at
present rarely used for nuclei with Z > 6, and if high accuracy is desired, corrections
must be made even for the lightest of nuclei. It must also be remembered that the
validity of the PWBA also depends on the incident electron energy as well as the multi-
polarity of the transition. A discussion of the Coulomb distortions that alter the PWBA
approach and of the attendant considerations of model independence is given in the
following subsection.

Distorted-Wave Born Approximation - The Coulomb field of the nucleus distorts
both the initial and final wave of the electron in a scattering. Nuclear currents and
magnetization densities also affect these wave shapes but to an extent that does not yet
justify correction in view of the accuracy of most present-day measurements.

10



NRL REPORT 7878

z0

U)

U) -- ~M
U) 4

Ld

Ld

\ \E2 
El'

I I I I I I '\El
0.1 0.2 0.3 0.4 0.5 0.6

q

Fig. 4 -Comparison of the experimental curve
of cross section vs q based on three data points
with various Helm model curves for the four
multipolarities considered in the case of the
9.14-MeV transition in 2 2Ne. The two curves El
and E1' and the two, Ml and Ml', correspond to
the ranges of "reasonable" transition radii that
were used in each case.

Two approaches have been used in taking into account Coulomb distortion effects.
The first, an approximate method, is to calculate, usually by partial-wave analysis in the
DWBA, cross-section correction coefficients that can be applied to the experimental cross
sections so that the corrected value can be relaited to PWBA expressions and analyzed
accordingly. The second, an exact method, is to compare the experimental values directly
with the appropriate DWBA calculation. The first method has the advantage of simplicity
in that usually only elementary interpolations between tables of correction values need be
made and that a PWBA analysis, which better highlights the nuclear properties involved,
can be used. However, as discussed below, this method is inadvisable for use with heavier
nuclei (A > 40), in which case the direct DWBA calculation must be used.

The approximate or correction method uses a distorted-wave correction factor given
by

fc = (du/dEi)DWBA/(du /d)PWBA- (26)

11
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3-
Rtr/ Rm

2 1 | + EO

1 < Or ~~~~~~~~~~~~~~~~~E 2

0
10 20 A

Fig. 5- Transition radii Rtr divided by ground-state rms charge radius
Rm as a function of mass number A. Of interest here is the Ml curve.
Full symbols denote results from scattering < 1800; open symbols
denote results from 180° scattering. (From Ref. 5, © 1972 by Springer-
Verlag, New York, N.Y. Used by permission.)

The experimental cross section is then divided by f,:

(du/d9)"pBA = (do/dQ )expP/f (27)

to give an "experimental PWBA" cross section which can be related to the theoretical
PWBA expressions for analysis.

The principal problem encountered in the use of such a technique is performing it
in a model-independent way. Essentially this problem reduces to separating the Coulomb
distortion effects from the effects of the transition charge and current densities in the
cross section. Roughly speaking, model independence will be valid if the PWBA cross
sections are equal in the momentum transfer range under study for the various models
considered [18]. Then the corresponding DWBA cross sections as well as the correspond-
ing f, will coincide. Such a situation will generally prevail for low-momentum transfers
and A < 40 nuclei [5].

Using the second Born approximation, Schucan [19] was able to separate these
effects and determine model-independent correction factors for longitudinal CO and C2
transitions at low-momentum transfers. Duguay et al. [20] and Ziegler and Peterson [21]
also showed that model independence prevailed in their cross sections for C2 transitions
at small values of q calculated using the DWBA.

However, the matter of model-independent correction factors for cross sections
involving transverse transitions, in particular Ml transitions, is a somewhat more difficult
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problem. Intimately associated with this problem is the question of the model-
independent physical meaning of an Ml transition radius [22] to be discussed below.

Using the Duke University DUELS [23] program which considers magnetization
resulting only from orbital nuclear currents, Chertok [24-26] has calculated values of
f, for Ml excitation cross sections with E < 140 MeV and for nuclei with Z < 20. A
linearity of the correction factor with Z is found at low incident electron energy
(E = 40 MeV):

fc = (1 + a Z) (28)

where: = 4.4 and a is the fine structure constant. However, as the incident energy is
increased there is a strong departure from linearity as is apparent in Fig. 6, which shows
curves of f, vs Z for various values of E and 0 and for X = 15 MeV.

An idea of the extent to which model dependence influences Ml correction factor
values, especially for backward scattering angles (or larger momentum transfers for a given
constant E), can be seen in the example shown in Fig. 7. Here the correction factor is
plotted vs scattering angle 0 for the 11.42-MeV Ml transition in 28Si at E = 50 MeV.
The top curve was calculated by using the transition charge density Pir = Po, the ground-
state Fermi density. The lower three curves were obtained by assuming that Pb. = dpo/dr
and ttr = 0.8t, t, and 1.2t, respectively, in descending order, where t and ttr are the Fermi
and transition skin thicknesses, respectively. The 10% variation in f, at 180° is apparent.
It might be added that Chertok has also calculated with the same program M2 correction
factors [26] again for low E and Z. These results along with Ml correction factors can
be found in tables compiled by Chertok et al. [27].

The problem of the model dependence of f, has been studied in some detail by
Drechsel [22], who included in his calculation consideration of not only the nuclear
orbital currents but also the nuclear magnetization. In conjunction with the study of
fc, the closely related problem of the model-independent physical meaning of the transi-
tion radius for Ml transitions is treated. It is pointed out that for longitudinal transitions
there is a one-to-one correspondence between the moments of the transition charge
density PL(r) and the expansion of the transition matrix element in terms of a transition
radius (analogous to that given in Eqs. (16) and (20)). In this case then the transition
radius can have physical significance. However, for transverse transitions more than one
moment of the transition current and magnetization densities can appear in a term of
the matrix element expansion. Thus the physical meaning of transition radii for such
transitions is questionable.

This fact is amplified by calculating the transition radius using several different
models. Drechsel starts by regarding the Ml transition radius (given in Eq. (16) for
L = 1) as merely a convenient expansion parameter. He thus expands the experimental
form factor, yielding

Fexp = q (1 )an exp q 2 n, (29)
n=O

13
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Fig. 6 -The correction factor fc = (du/dn)DWBA/(da/dn)pwBA vs Z, E0 , and V for Mi
electroexcitation at 15 MeV (from Ref. 26).

14



NRL REPORT 7878

1.25

1.11 -

b b

1.05-

0 30 60 90 120 150 180
6

Fig. 7 - Values of f = (dO/dn2)DWBA/(do/dn2)PWBA vs scattering angle 0 for thell1.42-MeVM1 transition
in 28Si. Fermi charge distribution parameters c = 3.153 fm and t = 2.40 fm were used. The four curves
result from different parameters assumed for the nuclear convection current, JI = tYLL1M, wherep tr is
the transition density and YLL1 M is the vector spherical harmonic. In the top curve p tr = p 0, the Fermi
charge distribution. For the lower three curves Ptr = dpoldr, and, in descending order, ttr = 0.8t, t, and 1.2t,
where t and ttr are the Fermi and transition skin thicknesses, respectively. (From Ref. 25.)

where anexp is a general expansion parameter. Then the five different nuclear models given
in Table 1 are considered, two of which involve nuclear currents only and three of which
involve nuclear magnetication only. Assuming the PWBA and that al1 exP has been measured
according to Eq. (29), the following values of transition radii are found from the models
given in Table 1:

~exp - ~R2 RB Rc ~RE 2 (30)

This clearly questions the physical reality of Ml transition radii in terms of specifying in
which region of the nucleus the transition takes place. However, in a model where, in
the first few terms of the matrix element expansion, no more than one each current and
magnetization moment appear in any one term, it may be meaningful to speak of two
transition radii, one for current and one for magnetization, assuming, of course, that the
model is physically applicable.
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Table 1P
Drechsel Current-Magnetization Models for Model Dependence Tests

in Ml Transitions II

Model Current-Magnetization

A J 8 (RA - r)Y*

B it re-(3r/rB)Yl

C m 6(Rc - r) Ylo

D m - 8 (RD - r) 12^,

E m z 6 (RE - r)

X [2/3 OY* + 1/3 _2*

I From Drechsel [22].
.J, m, Y* and M are the nuclear current, nuclear magnetization,
vector spherical harmonic, and magnetic quantum number, respectively.

The correction factors fc are also calculated by Drechsel for different momentum
transfers (or equivalently different scattering angles 0 at a given Eo) as shown in Table 2.
It can be seen that there is some model independence in fC at low-momentum transfers
(small angles). This is especially true for models B and F.

As a result of this study Drechsel suggests using an iterative procedure to determine
a model-independent fC at low-momentum transfers. First, determine the first few a Xp
in Eq. (29) by evaluating the experiment in the PWBA. Then find any current and/or
magnetization density that gives the same values of, say, ao, a,, and a2 (for low-momentum
transfers). Use these densities and calculate a correction factor. Apply the correction fac-
tor to the experimental cross section, then repeat the procedure. Convergence should occur
rapidly.

As mentioned earlier, certainly for nuclei with A > 40 the correction factor approach
must be abandoned and direct comparison with DWBA calculations must be undertaken.
In fact this is more frequently becoming the case even with the light nuclei.

The first calculation that enjoyed any general use for electroexcitation of transverse
magnetic transitions was that on which the Duke computer program DUELS [23] is based.
This program treats the nuclear excitation through first-order perturbation theory but
treats the Coulomb effects on the electron waves with a partial-wave analysis. As previously
noted, in its original version it only accounted for magnetization due to nuclear orbital
currents; i.e., only the convection current operator is used. The nucleus is regarded as an
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Table 2T
Correction Factor fc as Function of

Scattering Angle 0 for Ml TransitionsI

Correction Factor fc

(dg A B [ C D

15 1.175 1.175 1.175 1.175

20 1.23 1.23 1.23 1.23

30 1.325 1.33 1.32 1.33

40 1.39 1.40 1.38 1.40

60 1.46 1.48 1.43 1.48

80 1.45 1.485 1.405 1.49

100 1.39 1.45 1.33 1.46

120 1.32 1.385 1.24 1.42

140 1.25 1.35 1.16 1.38

160 1.205 1.32 1.10 1.36

180 1.19 1.305 1.08 1.35

*From Drechsel [22].

II For E = 50 MeV, RA = 4 fm in model A, and RB and R, follow
Eq. (30) in B and C. Model F is a combination of models C and
D. The static charge is the Fermi distribution (Z = 28, c = 4 fm,
t = 2 fm, where c and t are the Fermi radius and skin thickness
parameters, respectively).

incompressible, irrotational liquid drop and parametrized accordingly. The transition
current density in this model is proportional to the first derivative of the Fermi charge
distribution, and it is assumed that the ground and excited states have approximately
the same shape.

More recently, amended versions of the DUELS program [27-29] have been devel-
oped which take into account nuclear magnetization as well as convection currents. One
technique used to accomplish this [29] is to bypass the DUELS subroutine that calcu-
lates the convection current transition density in the liquid drop model. Magnetization
and current transition densities are thus calculated separately using any desired model,
and these densities are fed into DUELS.

Independently developed or developing computer programs [22,30], useful for
electroexcited magnetic transitions also exist. However, the program of Drechsel [221
is applicable only to Ml transitions. Andresen [30], presently developing a DWBA
program, is studying a Coulomb guage formulation to determine the extent to which
separation of longitudinal and transverse components is possible in the DWBA.
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Radiation Tails and Radiative Corrections - The frequently cited advantage of the
electron as a nuclear probe, namely its use of the weak, well-known electromagnetic
interaction, is offset by one serious disadvantage, its small mass. Because of this, it easily
undergoes scatterings which in turn usually generate radiation. This results not only in
the broadening of any spectral peak produced by an elastic or inelastic scattering but also
in such peaks being accompanied by a low-energy radiation tail. The latter effect means
that any inelastic peak must ride on top of a background produced by the radiation tails
of the elastic peak as well as all inelastic peaks corresponding to lower energy nuclear
excitations. At forward scattering angles the intensity of this tail background can be
orders of magnitude larger than that of an inelastic peak under study. An advantage of
1800 scattering is that generally these intensities are at least comparable.

Roughly speaking, the peak broadening is associated with soft-photon production as
well as several other radiative effects assembled into the general category of radiative
corrections, whereas the radiation tail results from hard-photon emission. No attempt
will be made here to discuss comprehensively radiation tails and the three principal radia-
tive corrections. Excellent reviews and treatments of these phenomena are now available
in the literature [12, 31-33]. Maximon and Isabelle [31] treat radiative tails of both
elastic and inelastic peaks produced by charge and magnetic scattering. Maximon [32]
explains and classifies the basic terminology and phenomena contributing primarily to
the Schwinger correction. Mo and Tsai [33], although generally emphasizing higher
energy scattering than is discussed here, give comprehensive detailed procedures for
radiative corrections in data treatment. tfberall [12] presents a thorough discussion of
both tails and corrections. Thus in this section, after defining more carefully the dis-
tinctions between tails and corrections, we will outline only those features germane to
magnetic backward inelastic scattering.

The distinction between the radiation tail and the most important radiative correc-
tion, the Schwinger correction, has been very lucidly discussed by Maximon [32] and
will only be outlined here. The contributions to the radiation tail are defined as arising
from those scatterings involving emission of photons of energy k > AE (defined as hard
photons), where AE is an arbitrary incremental energy, usually of the order of the peak
width at half maximum. Specifically, AE is the energy difference between the electron
energy of the peak (at maximum) and a lower arbitrary cutoff energy which serves to
delimit the intensity of the peak and separate it from the tail.

The first of the radiative corrections, the Schwinger correction,? corrects for the
loss to the area under the peak of those electrons degraded in energy as a result of
emission of any number of real soft photons of energy k < AE as well as the emission
and absorption of virtual photons of any energy. Clearly, the larger the value of AE
that is used in the calculation of this correction, the smaller will be the correction. One
can further sharpen the distinction between the phenomena associated with this correc-
tion, and the hard-photon emission producing the tail, by considering one incremental
segment of a tail, in the first approximation contributed to by a scattering accompanied
by emission of a hard photon of a given energy. Then this phenomenon requires a

tA particularly clear discussion of the Schwinger correction is given in Ref. 12.
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Schwinger correction just as does the "radiationless" scattering contributing to the elastic
peak. However, it should be noted that the distinction between correction and tail is not
subscribed to by Mo and Tsai [33], who prefer to assemble all such phenomena into the
category of corrections.

The Schwinger correction deals with quantum electrodynamical effects occurring
during the scattering under study, whereas the second principal correction, the bremsstrah-
lung correction, corrects for effects due to small-angle scatterings from nuclei before and
after this scattering. The third correction arises from ionization due to Landau straggling
or multiple small-energy losses due to atomic ionization. The last two corrections are
proportional to the square of the target thickness, whereas the Schwinger correction and
the radiation tail intensity are linearly proportional to this thickness.

The two tail calculations presently most applicable to backward angle magnetic
scattering are those of Ginsberg and Pratt [34] and Maximon and Isabelle [31]. Each of
these are PWBA calculations which consider magnetic as well as charge scattering and
which direct particular attention to 1800 scattering. However, only the latter calculation
[31] gives inelastic as well as elastic tails. The more recent calculation of Gargaro and
Onley [35] is in DWBA but considers only elastic tails generated by charge scattering.

The features of such tail calculations that are related to 1800 magnetic scattering and
that will be briefly mentioned here are (a) even for a spinless nucleus (where charge
scattering essentially vanishes at 1800) there is an elastic radiation tail due to charge
scattering, (b) the presence of magnetic bremsstrahlung is more prominent at 1800. The
first point is illustrated approximately by the radiation tail curve presented in Fig. 8
which is based on the rather simple expression which results [36] when 1800 is substi-
tuted into the early PWBA expression of McCormick, Keiffer, and Parzen [37] for a point
nucleus in the approximation that the incident electron energy E > m, the electron mass.
The essential dependence in this expression is given by

2

de -' (lyy-1 +z-2), (31)

where y = p'/py, the ratio of the scattered to incident electron momenta. It can be seen
from Fig. 8 that even though an elastic peak is not present, a tail is. Actually, when the
electron mass is taken into account [38], a small elastic peak is indeed present. An
experimental verification of this feature of 1800 elastic scattering can be seen in the 4He
spectrum shown on page 59. Because of finite solid angle and small-angle target scatter-
ing effects, elastic peaks invariably appear in 1800 scattering spectra for higher Z spinless
nuclei. However, since charge scattering has a Z2 dependence, the effect of interest here
is well highlighted for a very light nucleus such as 4 He as is seen on page 59.

The second feature mentioned above, magnetic bremsstrahlung, was first treated by
Ginsberg and Pratt [34]. At 1800 the intensity of this bremsstrahlung is greatest near the
elastic peak, tailing off with increasing excitation energy as shown in Fig. 9. Magnetic
bremsstrahlung was first observed experimentally by Peterson and Barber [36] in scatter-
ing from hydrogen, and is clearly visible near the elastic peak in the 3He spectrum also
presented on page 59.
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Fig. 8 - Relative cross section for radiation tail for a spinless point nucleus vs -y = p'/p, the ratio
of the scattered to incident electron momenta. The curve follows a form used by Peterson and
Barber [36] of a relation derived by McCormick et al. [37].

Perhaps the most pertinent aspect of the Schwinger correction of relevance here is
answering the question of whether the correction as usually given for charge scattering is
applicable to backward magnetic scattering. Rand et al. [39] give arguments to show that
the same correction is valid, stating that, first, this result is implied in the cross-section
calculations of Ginsberg and Pratt [34]. Second, they show that the correction is approx-
imately proportional to the single photon exchange diagram, in part resulting from the fact
that all the two-photon diagrams considered enter only as interference terms with the
single-photon diagram. The correction is then independent of the interaction at the nu-
clear vertex. This result is also well explained in Maximon's review [32] and has been
confirmed by actual calculations [40, 41].

Borie [41] has pointed out that for charge scattering at back angles the anomalous
magnetic moment of the electron modifies the Schwinger correction. However, this does
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Fig. 9 - Relative contributions to the radiative tail of
the elastic peak from a point charge and a point mag-
netic moment in the limit E, E' > o = E-1 (from Refs. 4
and 34).

not occur for magnetic scattering. The modification occurs essentially because at 1800
the approximation of neglecting the electron mass for charge scattering is no longer jus-
tified.

Concerning the remaining two corrections, bremsstrahlung and ionization, clearly the
only unique consideration involved here is that reflection geometry obtains in backward
scattering, with the average distance a back-scattered electron travels being that of the full
target thickness. This is so since an electron in 1800 scattering can traverse target materi-
al up to twice the target thickness. Finally, the existence of some helpful articles in addi-
tion to that of Mo [33] on the details of radiative corrections [42, 43] in experimental
data treatment should be noted as well as a recent report on target ionization loss [44].
A discussion [45] on target multiple scattering, finite solid-angle, finite angular, and
spatial incident beam effects in 1800 scattering, and a treatment of curve-fitting [46] may
also be helpful.
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SURVEY OF EXPERIMENTAL TECHNIQUES IN BACKWARD ANGLE SCATTERING

Characteristic Experimental Problems in Backward Angle Scattering

Some of the most important problems characteristic of backward angle scattering are
itemized in this section. Approaches to solutions of some of these problems are discussed
in the following sections; however, a full comprehensive treatment of experimental tech-
niques is not intended. Actually, the techniques discussed represent an art that is in a
state of growth and clearly needs further refinement.

The most fundamental requirement of backward angle scattering, 180° scattering in
particular, is that the incident and scattered beams must be separated. This necessitates
the introduction of a separating or pretarget magnet of some form between the target and
the spectrometer. The presence of this magnet generates a series of problems that must
be considered.

* The object distance between the target and spectrometer must be increased beyond
what it would be in more forward angle scattering by at least the path length used in tra-
versing the separating magnet. This, of course, concurrently leads to a short spectrometer
image distance with the result that often the effect of the spectrometer fringe field on the
detectors in the focal plane, which is then closer to this field, must be dealt with. The
increased object distance also results in a decreased spectrometer solid angle.

* The pole gap of this magnet must not be so small that the shape of the cross sec-
tion of the scattered solid-angle envelope departs too far from a square or a circle. Other-
wise, when scattering at 180°, the range of scattering angles accepted in the solid-angle
envelope will vary azimuthally to an unacceptable extent. The pole gap must also not be
so small that despite the presence of slits designed to prevent it, a significant number of
backscattered electrons from the target scatter from the magnet pole faces (or more pre-
cisely, the vacuum chamber walls lining the pole faces). This could lead to unnecessary
peak broadening and "instrumental" contributions to the radiative tails; this is especially
true of the elastic peak.

* If inelastic scattering is being studied, then, after scattering from the target, the
momentum dispersion of inelastic trajectories passing back through the separating magnet
field will usually require moving the spectrometer so as to receive electrons of the desired
energy as well as setting the spectrometer field appropriately. This leads to the further
complication that the solid-angle acceptance of the separating magnet-spectrometer com-
bination will vary with the inelastic electron energy.

* The presence of the separating magnet also complicates the adaptation of the 1800
scattering system to the "energy loss" mode, discussed below.

* In general considerable care must be taken in the separating magnet design, for it
must be magnetically matched to the spectrometer in what must be regarded as an inte-
grated design.

* If only one pretarget magnet is used, the beam dump (Faraday cup) must be
repositioned to accept the beam from its altered direction.
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Problems similar to those associated with the separating magnet pole gap also exist
with the choice of a pole gap for the spectrometer itself. If the spectrometer is mounted
with the pole faces in a vertical plane, as is usually the case, then the ratio of the gap
width to the width in the vertical plane (spectrometer median plane) must not be too
small. More so than with the separating magnet, this could cause an unacceptable azi-
muthal variation of scattering angles about 1800 as well as possible contributions from
scattering off the pole face vacuum-chamber walls despite efforts at appropriate slitting.

The vacuum-chamber walls normal to the above-mentioned walls, i.e. normal to the
spectrometer median plane, also present a background scattering problem. This is espe-
cially true of the outer wall, or wall of larger radius. For, when the spectrometer field
is set to receive inelastic electrons of a given energy, the generally more numerous elas-
tically scattered electrons are then striking this wall. This often produces a "ghost" or
instrumental background peak in the inelastic spectrum. Of course, this particular prob-
lem is not unique to 1800 scattering and, in fact, is usually more serious in the case of
scattering at more forward angles where far more intense elastic peaks are observed.

Since many more electrons pass through the target than are backscattered into the
spectrometer, some means must be found of trapping these electrons with minimum back-
ground production. This problem is complicated by the fact that after emerging from the
target the beam is no longer a well-defined ray, but contains electrons scattered at all
angles with, of course, a very strong predominance in the forward direction. Aside from
the usual design considerations for beam dumps and Faraday cups that this situation
requires, it is especially important in 1800 scattering to ensure that a minimum of these
electrons scattered from the Faraday cup stream back into the spectrometer and thus
mask the intensity observed from the target.

The technique of relative cross-section determination often used in more forward-
angle scattering involving comparison of the intensity of an inelastic peak with that of
the corresponding elastic peak is usually not valid for the magnetic transitions observed
at 1800. This is because, except for the very lightest nuclei, the experimentally observed
elastic peak does not arise primarily from magnetic scattering, but from charge scattering
produced by multiple scattering in the target and effects of finite solid angle and beam
cross section.

Since an incident electron that undergoes a 1800 scattering in the target may traverse
an amount of target material from zero to twice the target thickness, thinner targets than
used in more forward-angle scattering are often needed to achieve a desired resolution.
Unfortunately, this requirement occurs at the very angle where cross sections are generally
the smallest and counting rate statistics are already a problem.

Although a strong factor aiding in the accumulation of desired counting statistics for
inelastic scattering studies is the low-intensity radiation tail encountered at back angles,
this same low intensity then allows general background radiation to compete as a threat
to statistical accuracy. That is, given a certain irreducible ambient background radiation,
the statistical accuracy of the low counting rates characteristic of back-angle scattering
is much more vulnerable than that of the higher rates experienced at more forward angles.
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In the description of techniques that follows in the next two sections, the approaches
to solutions of most of these problems will be apparent.

Significant Backward-Angle Scattering Techniques

All of the 1800 scattering facilities thus far in operation have basically used the sim-
ple interjection of a separating magnet between the target and spectrometer. The earliest
such system, operated at Stanford [8, 36, 47], which used a rectangular separating magnet,
is shown in Fig. 10.

R.C.A. 6810A
PHOTOMULTIPLIERS
WITH NE 102 PLASTIC

SCINTILLATORS- \

18" SPECTROMETER

T A R G E T TO BEAM

INCIDENT BEAM p < CATCHER

DEFLECTING - s PERMANENT MAGNET

MAGNET POLE PIECES

Fig. 10 -The early stanford 1800 scattering system. (From Ref. 36).

A system using a circular magnet as proposed by de Vries [48] was designed and
described in detail by Rand [45] and was also used at Stanford. Such a system has since
found some use at Orsay [49-51] and extensive current use at NRL [52] and in Amster-
dam [53]. Although the NRL system shown in Fig. 11 is typical, the most sophisticated
system presently in operation is that in Amsterdam, shown in Fig. 12.

Some of the features of these two systems warrant some discussion. Common to
both systems, of course, is the circular separating magnet which maintains a constant mag-
netic field at a given incident electron energy. A spectrum is obtained by rotating the
spectrometer about the center of this magnet (not the target) in conjunction with setting
the spectrometer field correspondingly. Also common to both systems is the use of an
aperture between the target and separating magnet to absorb the backstreaming electrons
scattered from the Faraday cup or beam dump, thus preventing their entry into the
spectrometer.
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ELECTRON SCATTERING VACUUM SYSTEM

/ TAPERED COLLIMATOR '3

Fig. 11 - The 1800 electron scattering system at the Naval Research Laboratory (NRL) (from
Ref. 52).

CS

QP aP FC
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Fig. 12 - The 1800 electron scattering system at Instituut voor Kernphysich Onderzoeh (IKO) Amsterdam.
B1, B2, and B3 are the magnets of the 3-magnet pretarget array; Sp and S are the spectrometer and spec-
trometer slit, respectively; TM and T are the current monitor and target, respectively; C1 and C2 are lead
collimaters; the QP's and CS are the quadrupoles and cement wall, respectively; and FC and B4 are the
Faraday cup and Faraday cup trapping magnetic, respectively. (From Ref. 53, @ 1971 by North-Holland
Publishing Co.,Amsterdam,The Netherlands. Used by permission.)

However, the means of trapping the electrons that have passed through the target
are different in the two systems. Since the beam emerges from the target with a scatter-
ing pattern dominated by a strong forward cone of radiation, the effective solid angle
subtended by the Faraday cup aperture must be as large as possible. Because of financial
and space limitations, NRL gains this solid angle by placing the beam dump relatively
close (about 1.2 m) to the target. However, a posttarget magnet is introduced between
the target and beam dump to deflect electrons emerging from the dump away from the
target and pretarget (separating) magnet. A more satisfactory system is used by the
Amsterdam group, who are able to place the Faraday cup 6 m from the target through
the use of two large quadrupole magnets that focus the scattered cone from the target
into the cup. This larger distance as well as the concrete wall used by Amsterdam aids
greatly in reducing background. Both NRL and Amsterdam use magnets in the immediate
vicinity of the Faraday cup to augment its trapping capability (this magnet is not shown
in Fig. 11).
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The shortened spectrometer image distance resulting from the insertion of the sepa-
rating magnet between the target and spectrometer poses no problem with the present
NRL system, which uses a spectrometer of only 100° bending angle. It is more of a con-
cern at Amsterdam, where a magic-angle spectrometer is used and a rather short image
distance obtains. However, appropriate magnetic shielding of the scintillation and Ceren-
kov counters seem to have alleviated the problem.

There are two especially attractive characteristics of the Amsterdam system, each
related to accommodation of scattering at more forward angles, which should be presented.
The first pertains to the array of three magnets (including the separating magnet), which
is upstream of the target (Fig. 12). The purpose of this array is to assure that the beam
direction on striking the target is the same as that before entry into the 3-magnet array.
After the spectrometer is rotated out of the way, this array, mounted on tracks parallel
to the general beam direction, can be slid upstream so that the target can also be moved
upstream to the spectrometer center of rotation. Therefore, conventional scattering at
forward angles can be accommodated by deactivating the three magnets and installing a
beam pipe directly across the array. This accommodation is made possible by the 3-magnet
array because the beam direction is not changed by the separating magnet as in single-
magnet systems such as the one at NRL. According to members of the Amsterdam group,
the change from the conventional to the 1800 scattering mode can be done in as little as
half a day.

The other attractive feature of the Amsterdam system is that it accommodates back-
ward scattering at angles in the vicinity of 180°. The method used is illustrated in Fig.
13, where, by laterally displacing the incident beam, a scattering angle different from 1800
can be obtained. With the recent addition of an enlarged vacuum chamber for the 3-magnet
array a range from about 1700 -1800 can be covered.

out 2

out1S,< ~

to
Faraday

in 1 , '/ target

Fig. 13 - Illustration of the beam displacement technique usedat
IKO Amsterdam to study electron scattering at angles in the range
1700 -180'.(From Ref. 53, ( 1971 by North-Holland Publishing
Co., Amsterdam, The Netherlands. Used by permission.)
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There are other variations of this method; the earliest was that suggested by Rand
[45], involving displacement of the target and separating magnet jointly as indicated in
Fig. 14. Although Rand's Stanford apparatus is no longer in operation, it is nevertheless
of interest here because in addition to variation in the vicinity of 1800, it illustrates an-
other means of accommodating forward-angle scattering as indicated in Fig. 15, which
shows the entire apparatus. Actually, for the angular variations near 1800 the beam-
ditching magnet or posttarget magnet is also movable jointly with the target and separat-
ing magnet along radial tracks. For the more forward angles and to calibrate the beam
monitor, these three pieces can be moved entirely out of the way.

The 1800 scattering systems mentioned thus far have either been in operation or
are presently in operation. They all share the common handicap of requiring rotation
of the spectrometer about the center of the separating magnet. Thus an angle setting
in addition to the spectrometer field setting is required. However, far more serious is
the problem of the variation of the solid angle with the spectrometer rotation angle (or
scattered electron energy).

ELECTRON BEAM-

- ao

DISPLACED MAGNET
POSITION FOR
SCATTERING AT (i8o°-ao)

LEAD SLITS OF-

I CENTRAL" MAGNET POLE
POSITION FOR IO°
SCATTERING

-- DISPLACED TARGET

A/
- "CENTRAL" TARGET POSITION

Fig. 14 - Illustration of the technique of Rand to study
electron scattering at angles near 1800. The technique in-
volves the joint displacement of the target and separating
magnet. (From Ref. 45, © 1966 by North-Holland Publishing
Co., Amsterdam, The Netherlands. Used by permission.)
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-72 in. 1800 SPECTROMETER

CHAMBER LOCATION FOR
LIQUID GAS TARGETS-

\ LTABLE TO ROTATE ENTIRE
CHAMBER AND MAGNETS

r TRACKS
- BEAM DITCHING MAGNET

Fig. 15 - The 1800 electron scattering system designed at Stanford by Rand. (From Ref. 45,
© 1966 by North-Holland Publishing Co., Amsterdam, The Netherlands. Used by permission.)

There are at least three systems proposed to overcome the handicap of a variable
solid angle. The one that has been taken most seriously is that suggested by Peterson [54],
which is shown in Fig. 16. Here the spectrometer remains fixed and the four pretarget
magnets are identical with identical fields at all times. At the field setting in the four
magnets which renders the incident and scattered beam angles equal at the fourth magnet,
the spectrometer observes elastically scattered electrons. An inelastic spectrum is then
obtained by progressively decreasing the fields of the four magnets (as well as the spectrom-
eter field proportionately), which in turn decreases the incident beam angle at the fourth
magnet while the scattered beam angle, of course, remains constant.

If the four magnets have a large enough pole face area and the vacuum chamber of
the 4-magnet array has a large enough lateral horizontal dimension, then an inelastic spec-
trum can be taken by progressively decreasing the fields in the array. However, if this is
not the case then the two middle magnets can be moved laterally in order to produce the
required incident trajectories. This system has the beauty of simplicity and economy in
that the same field is maintained in each magnet.
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TARGET

GAP G=6cm

i} 330 cm I
Fig. 16 - The 4-magnet system for 1800 electron scattering suggested by Peterson. The
elastic scattering trajectory (where ao = a.) is shown with solid lines in an inelastic trajec-
tory at one-third the incident momentum with the dotted lines. (From Ref. 54, © 1968
North-Holland Publishing Co., Amsterdam, The Netherlands. Used by permission.)

An obvious variation of this scheme is to replace the middle two magnets with one.
This has the disadvantage of relinquishing two pole edges that could be useful in making
trajectory corrections. Clearly, the one middle magnet would then have to maintain a
field different from the outer two; i.e., it must produce twice the bending angle. However,
a compelling reason for breaking the symmetry of the 4-magnet array is that, more often
than not, the fourth magnet must be designed to integrate with the characteristics of the
spectrometer, which usually renders the use of four identical magnets unfeasible. In fact,
it is primarily for this reason that the 1800 scattering system presently proposed by Peter-
son for the new Bates-M.I.T. Linac, as well as that being considered for the new NRL
system, breaks this symmetry.

Another system that maintains a constant solid angle was proposed by Leconte [55]
for the Saclay Linac and is depicted in Fig. 17. The unique feature of this system is its
using the spectrometer itself as a separating magnet, passing the incident beam through a
hole in the spectrometer yoke. To the best of the author's knowledge this system has not
yet materialized.

A third constant solid-angle system is based on a principle of magnet design due to
Koerts [56] and designed as a 1800 system by Bergstrom [57]. To understand the prin-
ciple on which this system is based, we consider a theorem of Koerts [56] that states
that a charged particle, passing through a cylindrically symmetric magnetic field (vertical
component Bz) which satisfies the relation

f Bzrdr = 0 (32)
0

has the same z (vertical) component of angular momentum in a field-free region near the
magnet symmetry axis as it has in such a region outside the magnet. Thus, an electron
approaching the magnetic field radially will intersect the axis of symmetry; conversely, an
electron emerging from the axis of symmetry will leave the field radially. The system de-
signed by Bergstrom is shown in cross section in Fig. 18.
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Spectrometer

Focal Plone

Fig. 17 - Schematic of the 180° electron scattering sys-
tem suggested by Leconte (from Ref. 55).

'There are two principal advantages of this system. First, since the target as well as
the separating magnet symmetry axis is located at the center of rotation of the spectrom-
eter, both 1800 and more forward-angle scattering can be studied as indicated by the two
outgoing trajectories in Fig. 18. Second, as implied earlier, the solid angle is constant, or
more precisely, can be kept constant by appropriate variation of the magnet's field strength
and the angle between the asymptotes of the incident and emergent electrons. A serious
disadvantage of the system results from the vertical focusing that the electrons undergo
in crossing the space between the inner and outer parts of the magnet. This causes a shift
in the apparent position of the target as seen by the spectrometer. This shift could be
neutralized by the introduction of a quadrupole magnet between the separating magnet
and the spectrometer, but this in turn affects the double focusing of the spectrometer.
It is the author's understanding that Bergstrom actually constructed a magnet based on
the Koerts principle at M.I.T., but it has never been used.

Other Experimental Considerations

In this section a few remarks are offered about several miscellaneous residual items
which should be mentioned. Perhaps the most important of these concerns the effect
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Fig. 18 - Schematic cross section of 1800 electron scattering system
designed by Bergstrom based on the Koerts magnet design [55]. Scat-
tering at more forward angles can also be performed as indicated by
the dotted-line trajectory. Relative direction of the fields in the two
portions of the magnet are indicated in the lower part of the figure.
(From Ref. 57).

of the pretarget magnet or magnets of a 1800 system on operation in the so-called energy
loss mode. Before discussing this, it may be useful to describe the basic principle of the
energy loss method.

It is well known that two successive double-focusing magnets can be designed so that
they perform in the following way. With an incident collimated electron beam which is
chromatic over a certain momentum range, the first magnet essentially disperses the various
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momenta by focusing each successive monochromatic increment of electrons at adjacent
positions along its focal plane. The second magnet, assuming matched design, then focuses
all these momenta at a given single position in its focal plane. In the energy loss mode,
the role of the first magnet is usually played by the last one or two bending magnets of
the beam-handling system and the momentum-dispersed beam is focused on the target.
The spectrometer takes the role of the second magnet. If the electrons incident on the
target within the dispersion range suffer an energy loss due to an inelastic scattering, e.g.
nuclear excitation, then those electrons will be focused at a position on the spectrometer
focal plane different from that reached by the elastically scattered electrons. Hence the
name "energy loss." (Another name, perhaps more appropriate, is "dispersion matching.")

The clear advantage of such a system is that a much larger (up to the order of 100)
momentum bin of electrons from the Linac can be used in the electron scattering study.
This large increase in current can make it possible to take full advantage of the inherent
resolution of the spectrometer. The disadvantage, that a larger target dimension is needed
to accommodate the dispersed beam (roughly 2 to 4 cm in the dispersion direction), is
offset somewhat by the fact that such a diffuse beam will not overheat or oblate the
target as much as a well-focused beam. That is, it is a disadvantage for expensive isoto-
pically enriched targets and an advantage for low-melting-point targets. The enlarged
beam tubing required must also be dealt with. However, the most serious disadvantage
is that most beam-handling systems disperse in a horizontal plane, whereas most spectrom-
eters are mounted with their pole faces in a vertical plane. Thus, either special beam-
handling magnets must be introduced to disperse the beam vertically (as done by the NBS and
Mainz Linac groups) or the dispersion plane must be rotated to the vertical; e.g., by using
five quadrupoles (as done by the Bates-M.I.T. group and the Darmstadt group) [58].

Obviously the problems encountered in realizing such a refined system are formida-
ble enough without the introduction of the pretarget magnets used in the 1800 scattering
mode. Such magnets could have the effect of distorting the dispersion desired at the
target. This is especially true of a system with a relatively large number of magnets,
such as the 4-magnet Peterson system.

This problem has been investigated by Peterson and Vetter [59] using the TRANS-
PORT code in their design of the proposed 1800 scattering system for the Bates-M.I.T.
Linac. Their conclusion, as of this writing, is that in first order an appropriately designed
4-magnet array will not significantly distort the desired dispersion configuration at the
target. In second order, due to vertical focusing effects, a loss in momentum resolution
of one part in 10-5 at the target does occur. An additional part in 10-5 is lost by the
time the scattered beam reaches the spectrometer (M.I.T. spectrometer) focal plane when
one-half of the spectrometer solid angle is used. Thus, it should be possible to perform
relatively high-resolution studies at 1800 in the energy-loss mode with this system.

One of the problems associated with back-angle scattering and mentioned in pages
22 to 24 is the fact that for such an event in the target, the electron can traverse from
zero to twice the target thickness. This enhances the energy spread due to target ioniza-
tion loss and straggling effects. Rand [60] has devised an ingenious technique to com-
pensate for the ionization energy loss suffered in the target by backscattered electrons.
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In essence a short accelerating waveguide is inserted between the target and the separating
magnet as indicated in Fig. 19. This accelerating structure is phased with the Linac so
that electrons scattered from the downstream side of the target are accelerated while those
scattered from the upstream side are retarded, thus compensating for the ionization energy
spread. With this device the target thickness used can in principle be increased by as much
as a factor of 20.

SPECTROMETER

\ % ~~MAGNET SHORT
\ \ / AC~ACELERATING

a< \ ~~STRUCTURE

ELECTRO SYNCHRONIZING
BEAM CAVITY

(OPTIONAL)

Fig. 19 - Simplified schematic of the system designed
by Rand to compensate target ionization loss in 180°
electron scattering experiments. Although not specifi-
cally mentioned in Rand's paper, the synchronizing
cavity apparently further aids in phasing the short
accelerating structure with the Linac. (From Ref. 60.)

Another target-related device useful for gaseous targets has been designed and used
by Fagg et al. [61] and is depicted in Fig. 20. As can be seen an especially simple cylin-
drical geometry characterizes such an apparatus for 1800 scattering. The gas chamber
shown was 1 cm in diameter and used 6-pim havar foils at the entrance and exit apertures,
which enclose a 5-cm path length of target gas. This gas was operated at pressures up to
4.4 atm and also could be refrigerated to liquid-nitrogen temperature by means of the
cooling envelope indicated. Refrigeration to this temperature affords a target density
gain of about a factor of three. A thermocouple (not shown) and pressure gauge mea-
sured the temperature and pressure, respectively, of the gas. Expensive isotopically
enriched gases could be stored for reuse by a helium trapping system, also not shown in
Fig. 20.

Since the report [61] describing this device was published, several improvements
have been made [62]. The diameter of the chamber has been enlarged so that the num-
ber of backstreaming electrons scattered from the chamber walls could be diminished.
For the same reason, the thickness of the walls separating the chamber from the cooling
envelope as well as those supporting the exit foil has been minimized. A smaller relative
contribution to the spectrum background from the foils is made possible by using 12-pm
titanium foils (instead of Havar) which support pressures up to 15 atm. Last, a dry-ice
and acetone mixture can now be pumped through the cooling envelope when higher
cooling temperatures are needed for gases which liquefy at liquid-nitrogen temperature.
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Fig. 20-Early version of the NRL refrigerated gas target system for 180t electron scattering.
The simple cylindrical symmetry about the incident beam direction is apparent. For more recent
improvements on this system which includethi 1800 s g the copper cylinder [61 ], see the
text. (From Ref. 61.)

As mentioned in pages 22 to 24 a "ghost peak" can appear in a spectrum, which is
caused by the elastic electrons striking the outer diameter wall of the spectrometer vac-
uum chamber when the spectrometer field is at an inelastic setting. Although this is a
more serious concern with the high elastic-scattering intensities occurring at more forward
angles, it nevertheless has to be dealt with in 180° scattering. By far the best technique
for solving this problem is that used at Mainz where the spectrometer pole gap essen-
tially extends all the way to the outer perimeter of the yoke. A foil then constitutes
the outer diameter wall of the vacuum chamber so that the elastically scattered electrons
can escape and be trapped. An alternative is to line the outer diameter wall of the
spectrometer vacuum chamber with appropriately designed baffles and absorbers [63].

Finally, reference was made in pages 22 to 24 to the unfeasibility of comparing
inelastic peak intensities corresponding to Ml transitions to the elastic intensity for the
purpose of relative cross-section determinations at 1800. Reasons were given for this
being the case. Such a comparison technique at 1800, however, can be used for the very
lightest of nuclei (2D, 3He, and perhaps 6,7Li) that have ground-state magnetic moments.
For the heavier nuclei it has been found most useful to either make an absolute measure-
ment or compare the Ml transition intensity under study with that of a very well-known
Ml transition such as the one at 15.11 MeV in 12C.
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DISCUSSION OF EXPERIMENTAL RESULTS

Self-Conjugate Nuclei

Theoretical Preliminaries-Sum Rules - It will become apparent in the following the-
oretical outline that there are characteristics of the MI transitions in self-conjugate nuclei
which set them apart from those of other nuclei. For this reason we have chosen to deal
with them separately and to give some prefatory theoretical remarks concerning them
before discussing the relevant experimental results.

The mechanism that is more often responsible for the strongest Ml transitions in
nuclei is the spin-flip mechanism. Its relative strength can be most easily theoretically
demonstrated in the case of the self-conjugate nuclei where such transitions usually play
a strong role. We start with the general expression for an Ml transition matrix element
between states a and b as set down by Morpurgo [64]:

A y ( i (v) + i (1+T3i)+ - (_T38) } lb>

where L i is the orbital angular momentum operator; i' and T31 are the spin and isospin
operators of the ith nucleon, respectively; and pp and y, are the proton and neutron
magnetic moments, respectively. Expression (33) is valid in the limit q - w, and thus
should still be useful at low-momentum transfers. Rearranging terms and adding and
subtracting 2 a i inside the sum, we have

2

2 <al S [Li + 2 ai] lb > +~~~~~~0 2 < al iL(MP + mn-2) .b

A
+ <al 7T3

1 + (lp - 1) 7i ) > (34)

The first two terms of (34) constitute the isoscalar (AT = 0) part of the transition,
while the third term with the T3i operator is the isovector (AT = 1) part. However, the
first term is the matrix element of

A (A + 2 vi

which vanishes due to the orthogonality of the two states (both being eigenstates of J),
so that only the second term gives the strength of the isoscalar transition. Since the
(,p - p,1) term (the spin-flip term) of the isovector matrix element determines its order
of magnitude, to compare the isoscalar and isovector strengths we can use

pp + 1n +2 0.38
Pp - Mn 4.7
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When this ratio is squared, an intensity ratio of about 10-2 results. Here we have shown
the general dominance of the spin-flip transition as well as outlined the derivation of a
selection rule given by Morpurgo [64]. However, it is not to be implied that spin-flip
transitions invariably dominate even in the self-conjugate nuclei. An exception is the
11.25-MeV Ml transition in 2ONe which proceeds principally by orbital recoupling (see
page 49 below).

From the foregoing outline we see that Morpurgo's rule states that AT = 0, Ml
transitions in self-conjugate (ground-state T = 0) nuclei are strongly inhibited. This rule
yields two evident results: (a) there is a strong limitation in the number of Ml transi-
tions experimentally observable in the self-conjugate nuclei, and (b) the remaining transi-
tions, those with AT = 1, are to relatively high energy states (> 10 MeV) which are ana-
logs of low-lying states in neighboring (AT3 = ± 1) nuclei.

The number of AT = 1 transitions in self-conjugate nuclei experimentally observed
is, however, even further limited as a result of effects in the self-conjugate 4N and 4N + 2
nuclei studied by Kurath [65]. Using the shell model with spin-orbit coupling and cen-
tral force two-body interactions, he showed that most of the Ml transition strength in
the self-conjugate nuclei of the p-shell is concentrated in the lowest few AT = 1 transi-
tions. He also derives an Ml sum rule starting with the ground-state expectation value
of the double commutator of his Hamitonian H with the z-component of the magnetic
dipole operator Pz:

<gi [Pz, [H, Pz] ] Ig>, (36)

where Ig> denotes the ground state. H is given by

H Ho + aX Q + i j + >V, (37)

where Ho is a harmonic oscillator Hamiltonian; a, the 7scoupling parameter; and Vji,
a standard central force two-body interaction.

The Ho term commutes with pz and does not contribute to Eq. (36), while the
s term gives the principal contribution. Giving arguments for choosing to ignore the

Vii term, Kurath then arrives at the sum rule:

E -k B(Ml)k - -a (pp - pn + 2)2 <gIQ*S'ig>, (38)

where B(M1)k and Wk are the reduced transition probability and excitation energy of the
kth level, respectively.

As an example of the concentration of the Ml strength into the lowest few AT = 1
transitions as well as a justification for ignoring the two-body interaction term, Kurath
calculates the B(Ml)k for the lowest four AT = 1, Ml transitions in 12C as shown in
Fig. 21. This is done for four different values of a/K, where K is a representative integral
of the two-body interaction. The sum of the four transition probabilities is also shown
as well as the value of the r.h.s. of Eq. (38). Particularly for values of a/K = 4.5 and 6.0,
the concentration of strength into the lowest T = 1 level is apparent. Also evident is the

36



NRL REPORT 7878

C'2

1 2 3 4 SUM <SO>

100-

0-- m _
100-

100-

0 _--- N _
l' _ _ g 

Fig. 21 - Contribution of the four lowest
AT = 1, Ml transitions in 12C to the
energy-weighted sum rule, their sum, and
the ground-state expectation value of the
spin-orbit term for different values of a/K
(see text). (From Ref. 65.)

fact that the ground-state expectation value of the spin-orbit coupling nearly equals this
sum, justifying Kurath's assumption that the two-body interaction term does not signifi-
cantly contribute. That a/K should be high in value, although still not close to the Jj
limit is, of course, supported by the experimental results on 12C. It is interesting to
note [12] that the Ml strength is concentrated into the lower levels in contrast to the
El giant dipole case where concentration is generally observed into the highest levels [13].

The above results, applicable to the self-conjugate (4N) nuclei, also apply to
(IN + 2) nuclei, e.g., 6Li, 1 0B, and 14 N. As more accurate experimental results become
available, it may be of interest to include consideration of the VW1 term in Eq. (37).

Kurath also extrapolates the use of Eq. (38) to the sd shell, where, in some of the
early experimental tests of the rule, Kuehne et al. [66], gave a version of the rule some-
what more useful to experimentalists:t

E [rok (Ml)] (10 MeV)2
k L3.395 eVJ wh )k

(39)
- (2 MVilg>

T:Dr. W. Bendel (NRL) notes a 4% error in denominator of the first factor of Eq. (39). It should be
3.259, not 3.395.
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where rok is the ground-state transition width to the kth level in electron-volts. The
beauty of this sum rule is the ease of its experimental use with the self-conjugate nuclei.
Since the Ml transition strength is usually concentrated into a very few AT = 1 transi-
tions, the sum of the l.h.s. of Eq. (39) is easy to measure. Thus, when a reasonable
value of the parameter "a" such as indicated for the sd shell from the T 7*separation
energy given by the 5.08-MeV state in 170 is used, the ground-state 2 * s coupling ex-
pectation value (< z 9 * s >, hereafter) can be determined. This value can then be used
to place some restriction on the ground-state wave function. This restriction often takes
the form of a limitation on the possible ground state shapes a nucleus can assume, as
will be discussed below.

For a spherically symmetric nucleus in the simple shell model the ground-state wave
function I g> is an eigenfunction of the Q - s operator, and the eigenvalue is given by

k * s = 2i [i o + 1) + k (k + 1) - s (s + 1)], (40)

where j, Q, and s are the total, orbital, and spin angular momentum quantum numbers,
respectively, of a given nucleon. Using Eq. (40) one can obtain an approximate idea of
the expected pattern of total Ml strength among the self-conjugate nuclei in the sd shell.
As a specific example, to calculate the sum in 20Ne where, in the shell model, the d5 /2
level is being filled, one substitutes j = 5/2, k = 2, and s = 1/2 to obtain rS = 1 in
Eq. (40). This is the value for one nucleon; since there are four nucleons in this subshell for
20 Ne, < z Q s > = 4. Proceeding accordingly with the other self-conjugate nuclei in
the shell, we obtain the results given in Table 3. Since < z 2 * s > gives values of zero
and -3/2 for the 2si/2 and d3 /2 levels, respectively, the behavior for 32S and 36 Ar in the
table can be understood, Of course, zero is obtained for 160 and 4 0Ca.

Table 3
Values of the Kurath Sum Rule for sd Shell

Self-Conjugate Nuclei Assuming a Spherically
Symmetric Nucleus in the Independent

Particle Shell Model

Nucleus < Q* s>

160 0

2ONe 4

2 4 Mg 8

28Si 12

32S 12

36 Ar 6

40 Ca 0
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Since the sd shell nuclei are in general deformed, a much more sensitive indication
of how the Ml strength sum varies among these nuclei can be obtained by using the
Nilsson model. Nilsson gives tables of deformed wave functions from which the value of
< 9 Q * s> as a function of the deformation parameter 77 can be determined. One parti-
cularly interesting such curve is presented in Fig. 22 for 32S where the crossing of
Nilsson levels 8 and 9 causes a discontinuity at 77 = -4. It will be noted that the maxi-
mum value of this curve is equal to that for a spherical shape given in Table 3 for 32S.
The shape of such curves clearly suggests that, in some cases, if sufficiently accurate
experimental values of the Ml sum strength can be obtained, then something can be
said about the ground-state nuclear shape. Further use will be made of this approach in
the discussion of some of the self-conjugate nuclei in the next section.

Kurath's sum rule as well as others can also be used to say something about nucleon
occupation numbers. The configuration mixing that is present, especially in some of the
sd shell nuclei, will tend to decrease the sum strengths based on the pure independent
particle shell model, such as those given in Table 3 (just as shown above with the Nilsson
model). The amount of this decrease can be related to the nucleon occupation numbers.
Using the project Hartree-Fock method, occupation numbers in the even sd shell nuclei
have been calculated [68] and compared with experimental numbers using French's sum

12
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8

< I t-i>
6

4

2

-6 -4 -2 0 2 4 6

17

Fig. 22 - Curve of < 1: Q -s vs a, the deformation parameter in the Nilsson model. The
discontinuity of n = -4 is due to the crossing of Nilsson levels 8 and 9. (From Ref. 67.)
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rule [69]. Castel et al. also use their calculated occupation numbers to calculate in turn
< Z £ * s > using Kurath's sum rule, and find good agreement with the photon scattering
results [66] for Ml strengths in 24 Mg and 28Si.

Other sum rules have been applied to the self-conjugate nuclei. Nang [70] in study-
ing the validity of SU(4) symmetry in light nuclei, shows that the AT = 1, Ml transitions
in self-conjugate nuclei result from symmetry breaking of SU(4), and gives sum rules for
the 4N and 4N + 2 nuclei. Kurath [71] in a study of triaxial shapes in sd shell nuclei,
gives a closure sum rule in the adiabatic model.

Two additional comments seem warranted. First, although usually weaker by about
two orders of magnitude, AT = 0, Ml transitions in self-conjugate nuclei have been
detected with 1800 electron scattering [72]. Where this is the case some determination
of the isospin mixing between the T = 0 and T = 1 levels can be made. Second, although
the Ml transitions especially in the self-conjugate nuclei are often referred to as "Ml
giant resonances," this should not be considered true in any purely collective sense.
Lipas [73] has shown that Ml transitions in even nuclei, whether spherical or deformed,
cannot be of simple collective origin. However, this conclusion is being reexamined by
Murphy and (iberall [74], e.g., by foregoing the usual assumption of irrotationality of
the nuclear fluid.

The Deuteron - Because of the voluminous literature that has accumulated on the
magnetic aspects of the deuteron, it could easily be the subject of a review in its own
right. Accordingly, it is felt that an attempt at a comprehensive treatment would be out
of place here. Thus, only selected references primarily germane to back-angle electro-
excitation of the Ml transition at low-momentum transfer (<100 MeV/c) will be discussed.

Clearly the deuteron is the most fundamental of all self-conjugate nuclei. In back-
angle scattering, it can be excited via the pure spin-flip AT = 1 transition from the 3S,
ground state to the 1 So state at breakup threshold. A visual idea of the strength of
this spin-flip transition compared to that of the elastic scattering can be seen in Fig. 23,
which shows a 180° scattering spectrum taken at NRL [75].

The first quantitative study of the inelastic cross section of the deuteron at 1800
was performed at Stanford by Peterson and Barber [36] using a solid CD2 target. The
experimental results were compared with the impulse approximation theory of Jankus
[76], which assumes point nucleons and point magnetic moments. After correction for
instrumental contributions to the high-energy tail, the experimental cross section in this
region was still found to be about 10% higher than that given by the Jankus theory. It
was suggested that possible meson exchange effects could explain the discrepancy. Shortly
thereafter, in another Stanford experiment performed with a deuterium gas target [10],
agreement with the Jankus theory was obtained.

However, in a third Stanford experiment [77] using a liquid deuterium target, dis-
agreement was found with the Jankus theory as well as that of Durand [78] on taking
the final-state interaction of the two nucleons into account. In fact the experimental
curve was about a factor of 2 higher than the curve obtained from the Durand theory,
again in the tail region. The authors suggested that the discrepancy might be attributed
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Fig. 23 - Spectrum of 56.2-MeV electrons scattered at 1800
from deuterium gas (From Ref. 75.)

to inadequate treatment of the final-state interaction or to contributions from meson
exchange currents. More recently Ganichot et al. [51] using a gas target have measured
the 1800 inelastic scattering cross section at several incident electron energies below
280 MeV. Although strictly speaking only their 70-MeV data are relevant to this paper,
they find essential agreement using the theories of Jankus and Durand.

The works thus far mentioned [10, 36, 51, 74, 76], to the author's knowledge, con-
stitute the entirety of the 1800 inelastic scattering study of the deuteron at low-momen-
tum transfer q. In fact the only additional inelastic work at 1800 even at values of high-
q is that of Rand et al. [79]. Throughout the discussion of the low-q experiments there
has been a persistent controversy over the extent of the contribution of meson exchange
currents. Especially since Bosco et al. [80] have emphasized their importance, the use
of 1800 inelastic scattering from deuterium to examine the role of meson exchange cur-
rents has been at least a partial motivation for these experiments. Further incentive has
been furnished by concurrent calculations of the exchange effects [81-83].

The elementary theoretical basis for interest of such magnetic transition measure-
ments to determine meson exchange effects derives from the use of Siegert's theorem
[84]. According to the theorem the effect of exchange currents on the electric transi-
tions disappears as q - w. However, this is not the case with magnetic transitions, and
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thus such effects should be detectable if present, especially in the deuteron and other
very light nuclei where other effects, such as configuration mixing, are not a problem.

However, meson current contributions increase with increasing q [12]. Therefore,
although more accurate low-q 1800 inelastic experiments on the deuteron would be most
useful, the preponderant recent interest has been in the work at higher values of q. This
interest is reflected in such work as that of Hockert et al. [85] and Riska [86], which
account for the high-q cross-section discrepancies using meson exchange currents, and
that of Rand et al. [87], which reviews the status of magnetic electron-deuteron scatter-
ing. Nevertheless, relatively recent work covering the low-q region has been done by
Hadjimichael [88], who points out that meson exchange effects are more observable
in the polarization of the breakup proton and neutron, and by Smirnov and Trubnikov
[89], who calculate the 1800 inelastic cross section taking into account final-state inter-
action but not meson exchange. Of general interest are the results given by Miller and
Arenhovel [90], who find improved agreement with the photo-disintegration cross section
at intermediate energies by allowing admixture of nucleon isobar configurations in the
n-p system.

p-Shell Nuclei - Ever since the early survey work on electroexcited Ml transitions
in these nuclei at Stanford, they have been studied extensively at several laboratories.
The bulk of the subsequent, more accurate, studies have been performed by the group
at Darmstadt, but quite significant contributions have been made by groups at the Nation-
al Bureau of Standards, M.I.T., the University of Massachusetts, Glasgow, Saskatoon,
Mainz, Catholic University, and NRL. The nuclei will be discussed generally in order
of increasing A.

Since some of the early work [2, 91-93] on the transition to the 0+, T = 1 level at
3.56 MeV in 6Li (ground-state spin, 1+), considerable electron scattering study [94, 95]
has been devoted to it as well as to the transition to the 2+, T = 1, level at 5.36 MeV.
The strong 3.56-MeV transition is virtually pure Ml, whereas the 5.36-MeV transition
has a predominant Ml component. Eigenbrod [96] has made an accurate measurement
of the 3.56-MeV ground-state transition width, fo = 8.31 ± 0.36 eV, while Hutcheon
et al. [97] have studied the 5.36-MeV transition. They find it to be primarily Ml, with
some E2 and M3 admixture, and give values of ro = 0.19 ± 0.04 eV or 0.08 ± 0.04 eV
depending on model parameters used.

Neuhausen and Hutcheon [98] have conducted a careful study of these two transi-
tions and their form factors. They find the form factors, especially that for the 3.56-MeV
transition, to be sensitive to the radial distribution of the outer nucleons of the nucleus.
Using an intermediate coupling model, they conclude that the 3.56-MeV transition is an
almost pure Ml spin-flip transition, 96% of the strength coming from the 3S1 -> iso
component of the transition, in agreement with an earlier suggestion of Barker [99]
using a shell model analysis. They note that if they had fitted their data with an a-d
model in which the alpha and deuteron were in a relative s-state and the deuteron
changed from a triplet to a singlet state, the same overlap of ground- and excited-state
radial-wave functions would have occurred as with the shell model.
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All of the foregoing work on 6 Li has been at scattering angles 06 1600 (except the
1800 work of Goldemberg et al. [93]. A more recent study of the higher excitation ener-
gy region has been made by Fagg et al. [100] using 1800 scattering, obtaining the spec-
trum shown in Fig. 24 which compares the intensity of the excitation region from 8 to
18 MeV with that of the 3.56-MeV peak. The strength of this peak is visually quite
apparent, especially if it is noted that the elastic peak, not shown, is about one-third as
intense. However, the prime motivation of this experiment arose from work of Fowler
[101] and Fetisov and Kopysov [102], who suggested that the existence of a narrow 0+
resonance state at about 11.5 MeV in 6Be (i.e., at the 3He + 3 He separation energy)
could explain why the high-energy solar neutrino flux is almost an order of magnitude
lower than predicted [103, 104]. Hence the search was made for the analog of this state
in 6 Li, expected at about 15.2 MeV and reached by an Ml transition. From the results
shown in Fig. 24, if a 0+ state at 15.2 MeV is assumed as well as an Ml form factor equal
to that of the 3.56-MeV transition [96], an upper limit of 3 eV can be placed on its
ground-state transition width. This result is supported by electron scattering work in this
excitation region at more forward angles [105, 106]. These recent studies of Fagg et al. [100]
Cardman et al. [105], and Bishop [106] all disagree with those of Barber et al. [10] who show
peaks at 9.3, 14.0 and 15.8 MeV in their spectrum.

0 E0= 50.4 MeV

4000

0~

EXCITATION ENERGY ( MeV)

Fig. 24 -Spectrum of 50.4-MeV electrons scattered at 1800 from 6 Li. The peak at the
left is due to the Mi transition at 3.56 MeV. (From Ref. 99.)
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This dearth of Ml strength in the higher excitation region leaves virtually all of it in
the 3.56- and 5.36-MeV transitions, largely the former. Therefore 6 Li is a prototype for
the kind of Ml strength concentration Kurath has predicted.

Edge and Peterson [47] first studied 10B (ground-state spin, 3+) by means of 1800
scattering and reported transitions to levels at 7.9, 11.8, and 14.0 MeV. With a Helm
model analysis they suggested that all three transitions were Ml; however, these results
have not since been confirmed. At scattering angles 6 165°, Spamer and Gudden [107],
motivated by Kurath's [108] prediction of a 2+, T = 1, level at 7.4 MeV, found a transi-
tion at 7.48 MeV which they definitely identified as Ml. The existence of a known 2-
level at this energy [109] did not result in any measurable contribution of M2 strength
according to their shell model [110] analysis, and thus they were able to report F0 =
11 ± 2 eV for the transition. Spamer [111] later reexamined this transition and, using
an essentially model-independent analysis, reported a revised value of F0 = 12.0 ± 2.2 eV.
Kossanyi-Demay and Vanpraet [112] in a 1800 scattering study report peaks at 3.58 and
7.5 MeV which they suggest correspond to Ml transitions; however, the results on the
3.58-MeV transition have also not since been confirmed. Clearly, more study of this
nucleus at back angles would be useful. Nevertheless, the strength of the 7.48-MeV
transition, coupled with the fact that the Darmstadt group [107, 111] reported no other
Ml transitions up to an excitation energy of 20 MeV, again gives general support to
Kurath's predictions of strength concentration.

The Ml, AT = 1, transition at 15.11 MeV in 12C has probably undergone more back-
angle electron scattering study than any other in all the nuclides and is a classic example
of the Kurath-type Ml strength concentration. As a result it has been subject to progres-
sively more accurate measurements, and accordingly often serves as a reference for relative
measurements on transitions in other nuclei. No attempt at a complete history of these
measurements will be made here; only some selected highlights will be mentioned. The
primary emphasis will be on more recent measurements and their ramifications.

The early Stanford investigations [2, 47, 93, 113] of this transition, by means of
shell model, Helm model, and model-independent analyses, corroborated its Ml character.
Further studies were also conducted at Stanford as well as at other laboratories [49, 78,
114, 115]. An early measurement of the ground-state transition width was made by
Gudden [116] who reported FO = 34.4 ± 3.4 eV, using a shell model analysis. Later
Peterson [117], reporting slightly higher accuracy, found ro = 36 ± 3. More recently,
the status of the measurements on this Fo was reviewed by de Vries [118] who reported
the result of an Amsterdam-Darmstadt collaboration [119] giving Fo = 35.74 ± 0.86 eV.

However, the most recent value of this quantity has been obtained by Chertok et al.
[46]. They were motivated not only by a wish to determine a value of ro that would
serve as a benchmark for low-q measurements, but also by a desire to exploit the physical
unity of weak and electromagnetic processes found in the A = 12 system [120] by using
ro to increase the exactness of the weak magnetism test in ,B-decay as well as p-capture.
Specifically, this test, using the conserved-vector-current (CVC) theory, predicts for 0-
decay that the electromagnetic matrix element for the 15.109-MeV decay in 12C deter-
mines the strength of the weak matrix element in 12B -e - + 12C and 12N - ,+ + 1 2 C
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for the V-A interference [121]. Actually, a third corollary motivation was to resolve the
apparent discrepancy between a weighted average of (,y, y') measurements of ro = 45.8 +

2.6 eV and that of (e, e') measurements, ro = 32.6 ± 3.5 eV, the latter of which were
corrected for Coulomb distortion effects.

Chertok et al. took measurements of B(M1, q) at eight different values of q and used
the Yale [117] and Orsay [122] results as well in order to obtain values over a range of
q sufficient for a curve-fitting that would lead to an accurate extrapolation to q = 0 for
a determination of B(M1, 0). As shown in Fig. 25, they fit these points best to a curve
based on a 1-p shell harmonic oscillator model. This extrapolated value of B(M1, 0) leads
to the result, ro = 37.0 ± 1.1 eV, still in disagreement with the above average (T, -y')
value. However, it was concluded that this (e, e') measurement effected a fourfold and
30% reduction (compared to previous work, see Chertok [46, p. 32]) in the uncertainties
of the basic electromagnetic parameters used in the weak magnetism tests in p3-decay and
p-capture, respectively.

In another recent study of 12C [72] using the NRL 1800 system, a value of r 0 =
0.35 ± 0.05 eV was determined for the AT = 0, Ml transition at 12.71 MeV. The spectrum
presented in Fig. 26 shows the intensity contract between the above transition and the

N

D

I0 0.8

N

m O.6

q2 ( fm-2 )

Fig. 25 - Fits to the experimental reduced transition probability vs
q2. The solid curve is based on a lp-shell harmonic oscillator model,
while the dashed curve is given by ao + al (q2 _W2 ), where ao and al
are fitting parameters. (From Ref. 46.)
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Fig. 26 - Spectrum of 50.5-MeV electrons scattered at 1800 from 12C.
The region around the 12.7-MeV peak has been enlarged by a factor of
10. (From Ref. 71.)

AT = 1 transition at 15.11 MeV. The principal result of this work was a model-dependent
measurement of the isospin mixing between the AT = 0 and 1 levels. Values for the mix-
ing coefficient f3 were found to be A = 0.194 ± 0.011 or 0.057 ± 0.011.

Again it was early Stanford experiments 110, 47] at 1800 which first gave electron
scattering evidence of Ml transitions in 14 N (ground-state spin 1+) at 9.2 and 10.5 MeV.
Other workers [112] also studied these transitions at this angle. The Orsay group [123,
124] at more forward angles identified a weak Ml transition to a 0+, T = 1 level at
2.312 MeV, which is the analog of the 0- and 0+ decays from the ground states of C14
and 014, respectively. Clerc and Kuphal [125] further examined the higher excitation
region and reported ro = 7.7 ± 0.9 and 12.1 ± 1.5 eV for the transitions to 2+ states at
9.17 and 10.43 MeV, respectively. Again, therefore, considerable concentration of Ml
strength is in evidence.

More recently, further observation was made of the 2.313-MeV transition by Ensslin
et al. [126] using the NBS accelerator and a Be3 N2 target. Their interest in a measure-
ment of this transition strength arises from the fact that an accidental cancellation occur-
ring in the ,6-decay matrix element of the 14C decay imposes a strong constraint on the
range of valid 14 C and 14 N ground-state wave functions. This constraint in turn makes
it possible to test models of the nuclear force. Rose et al. [127], reviewing the 1 and
,y-decay data on mass 14, concluded among other things that the smallness of the 14C e
14 N 13-decay matrix element is due to the presence of a tensor force. Because of the low
intensity of the 2.313-MeV transition, a measurement to an accuracy satisfactory to
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Ensslin et al. [126] was not possible; however, they give a value of B(Ml,w) = (4.3 ± 1.3)
* 1O-3Oe2fm2 for the transition. It is of interest to add that a useful theoretical approach
to 14N has been to regard it as a quasi-deuteron, i.e., a deuteron hole in an 160 core [128].

We conclude this subsection with a remark about Ml strength in 160. Little such
strength is expected here, as predicted by Kurath's sum rule; however, an Ml transition at
16.21 MeV has been reported by the Darmstadt group [129].

sd-Shell Nuclei - The convincing pattern of strong concentration of Ml strength
present in the p-shell self-conjugate nuclei continues well into the sd-shell. In general in
the sd shell, the lighter the self-conjugate nucleus, the greater the concentration of strength
observed. However, there seems to be a somewhat larger increase in general fragmentation
of this strength in passing from 28Si to 32S than in comparison with any other two such
neighbors.

Thus, the concentration of strength in 20Ne is quite comparable to that found in
similar p-shell nuclei as can be seen in the spectrum taken at NRL [130] and presented
in Fig. 27. The level excited at 11.24 MeV is probably the T = 1 analog of the 1+ state
at 1.057 MeV in 20F [131]. The value of ro = 11.2 ± 2 eV measured for this transition

SCATTERED ELECTRON ENERGY (MeV)
120036 40 45 50 55

1800 ELECTRON SCATTERING

BY 2 0Ne
E,=56.0 MeV

0 900
0
In

C'J 

U)

z 
600

0

300-

0

20 15 10 5 0

Fig. 27 - Spectrum of 56.0-MeV electrons scattered at 1800 from 20 Ne. (From Ref. 130.)
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represents about 67% of the total expected strength by Kurath's sum rule, assuming a
spherical shell-model nucleus. Ritter et al. [132] have observed 1+ states at 13.17 and
13.48 MeV using the 19F (d, n) 20Ne reaction. Transitions to these states were too weak
to be observed in the NRL data.

Using this rule with Nilsson wave functions (as discussed above in subsection 1), a
calculation can be made of < I Q * s > as a function of the deformation parameter i7.

This is shown in Fig. 28 for two values of the parameter p which is the coefficient of the
orbit-orbit Q2 term in the Nilsson Hamiltonian. Where the experimental value (given by
the horizontal line) of the 11.24-MeV transition strength crosses these curves shows that
this nucleus is no more prolate than is indicated by a value of 77 = 4. This is an example
of how something can be said about nuclear shapes from MI sum strength data. The
value of rZ = 4 is in approximate agreement with that of 4.5 calculated by Drake and
Singhal [133] for 20 Ne.

The strong concentration of Ml strength into one level in this nucleus also has a
theoretical explanation given by Akiyama et al. [134] in terms of a shell model based on
SU(3) symmetry. They note that the dominant part of the Ml operator is given by
Z T3iri (as mentioned in subsection 1 above), which cannot change the spatial symmetry.

0

,W 2
W -

0
V

0
-2 0 n 2 4 6

Fig. 28- Curves of < E Q * s > vs tl, the deformation parameter in the
Nilsson model, for two values y, the coefficient of the Q2 term in the
Nilsson Hamiltonian. The experimental value of the Ml transition
strength sum from the 11.24-MeV transition alone is given by the
horizontal solid line with the error limits given by the dashed lines.
(From Ref. 130.)
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In particular, this operator cannot excite the main component of the ground-state wave
function to a T = 1, 1+ state. It is then only by admixture of other states through spin-
orbit coupling that an MI transition can be effected by the above operator; one among
these states was found to be dominant. Of the T = 1, 1+ states available for transitions
from the latter state, only one has nonvanishing strength, hence the observed concentra-
tion. In another shell-model calculation Maripuu and Wildenthal [135] show that the
11.24-MeV transition proceeds primarily by orbital recoupling and not by the spin-flip
mechanism.

As is evident from the spectrum in Fig. 29, the MI strength in 24 Mg is divided pri-
marily between two transitions, at 9.96 and 10.72 MeV. The peaks in the spectrum
corresponding to these transitions are comparable in height to the elastic peak, not shown.
The two states which these transitions reach are probably T = 1 analogs of the 1+ states
at 0.472 and 1.347 MeV, respectively, in 2 4 Na [137, 138]. Using the 2 3 Na (p, -y) 24 Mg
reaction, Meyer et al. [139] observed 1+ states at 12.182, 12.527, 12.816 and 12.894
MeV, transitions to which have not been detected in the 1800 electron scattering studies.

1800 ELECTRON SCATTERING
B~Y 24 Mg_

Is ~~~~~~~E = 55.9 MeV5 
10.72 MeV >

-18.8MeV _ 4 -

3 
17.1 MeV 13.4 MeV 9.96 MeV 3

_~ ~ ~ ~~~~~~~~I < _29e -2 CB

28 24 20 16 12 8
EXCITATION (MeV)

Fig. 29 -Spectrum of 55.9-MeV electrons scattered at 1800 from 2 4Mg. The
10.70-MeV peak is comparable in height to the elastic peak, not shown. (From
Ref. 136.)

In Table 4 the values of ro for the 10.72-MeV transition given by the Darmstadt
group [140] and Glasgow group [141] at more forward scattering angles are in good
agreement with that of the NRL group [142] using 1800 scattering. All three of these
results, subjected to DWBA correction or analysis, agree with the earlier photon scatter-
ing value, ro = 17.0 ± 4.0 eV [66]. However, the NRL value of ro for the 9.97-MeV
transition is higher than the other two electron scattering values as well as the photon
scattering result. The fact that the relatively poor resolution available at NRL made it
impossible to resolve a weaker Ml transition at 9.85 MeV only partially explains the
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Table 4
Ground-State Transition Widths of Electroexcited MI Transitions

and Spin Assignments of States Excited

Nucleus, J~f, Ta j Excitation j r0 /r Rt,
(M| y) I I (eV) w I (fn) (deg) Reference

8.36 ± 0.36
0.19 ± 0.04
0.08 ± 0.04

((2.74 ± 0.40) 10-7) [E2]

(6.30 ±0.31) 10-3
((2.81 ± 1.6) 10-7) [E2]

1.3+ 0±4b

(8.9 ± 1.0) 10-2
(1.89 ± 0.12) 10-3 [E2]

0.18 ± 0.09

8.1 ± 0.8
6.2 ± 0.6
2.6 ± 0.7

((2.0 ± 0.5) g)
8.6 ± 0.9

11.5 + 1.4
((7.3 1.3) g)

12.0 + 2.2b6

0.16 ± 0.016b,
0.14 ± 0.04

0.60 ± 0.09
(16.4 ± 2.1) 10-

3
[E2]

0.73 + 0.07
(2.0 ± 0.2) 10-2 [E2]

1.73 ± 0.14
2.12 + 0.21
0.72 0.30b6

0.4 ± 0.1 [E2J
6
1

0.73 ± 0.07
0.23 ± 0.03 [E2]

4.0 ± 0.6

4.93 ± 0.50
(36 ± 7)

(2.2 + 0.2) [E2]
(18 + 4)

(1.1 f 0.1) [E2]

8.8
0.059
0.025

17

2.8
17
0.043

0.30
23.8
0.30

0.13
0.10
0.030

(0.021 g)
0.084
0.11
(0.065g)

1.4

0.79
0.70

0.32
7.9
0.39
9.7

0.65
0.80
0.055
7.3
0.06
4.2

0.27
0.33
(0.78)
(5.0)

(0.39)
(2.5)

2.80 t 0.10

2.88 ± 0.07

2.7 ± 0.5

2.9 ± 0.9

1.9 t 0.6

2.1 ± 0.6

2.70 ± 0.20ba

2.60 ± 0.356o
3.44 ± 0.50b6

2.60 ± 0.1560

3.90 ± 0.5060

2.65 ± 0.2160
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180
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180
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180
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165
165
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165
145
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Table 4 (Continued)

Excitation
Nucleus, Jo, Ts Energy w I Jr, T I r. r0/rw (Bdf )Reference

(MeV- (eV) [rnj(deg)

0.35 ± 0.05

34.4 ± 3.4

36 ± 3

39.5 ± 4b
35.74 ± 0.86
37.0 ± 1.1

0.358 ± 0.047
(3.61 ± 0.40) . 10-3 [E2]

3.36 ± 0.47

0.324 ± 0.049
(6.3 ± 2.1) * 10-3 [E2]

1.02 ± 0.19
0.172 ± 0.057

0.008

0.47

0.50
0.55
0.49
0.51
0.34
3.52
0.23

0.016
0.045

0.036
0.006

0.256 ± 0.028 [E2] 1.03
3.45 ± 0.86 0.10

25 ± 7

22.7 ± 2.7

(1.7 ± 0.5) * 10-2

7.7 ± 0.9

12.1 ± 1.5 0.51
3.4 ± 0.7 0.64

(6 ± 2) . 10-2 [E2] 3.1
0.75 ± 0.45 0.046
0.10 ± 0.05 [E2] 0.85
1.1 ± 0.7 0.030
0.48 ± 0.22 1.1
5.1 + 0.8 0.05

11.2 + 1 0.38
0.65 ± 0.18 0.020
0.40 ± 0.13 [E23 0.75

0.35
0.31

0.066

2.70 ± 0.20b,

2.76 ± 0.16
3.50 ± 0.37
2.50 ± 0.19

2.83 ± 0.25

3.03 ± 0.22

4.01 ± 0.27

2.55 ± 0.20

0.48 2.92 ± 0.23

3.2 ± 0.3

2.53 ± 0.15
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Table 4 (Continued)

Excitation
Nucleus, J.~, TO Energy; , 2r I rJrW Tf1rR (dem Reference

(MeV) ; ____ (eV) './ j (fin) (deg)

0.127 ± 0.22

0.611 ± 0.096

2.83 + 0.26

(1.13 ± 0.14)

0.66+ 0 24-0.17

(1.34 0.86)

0.64 ± 0.06k'

1.05 + 0.26

4.50 + 0.73

7.6' 1.6- 1.4

4.6 ± 0.4

15.9 ± 0.24

17.6 +30-1.0

13.4 + 1.2

(4.1 + 1 ) 10-2

0.92 ' 0.42
-0.15

2.2 ' 1.0
-0.8

(4.7 2)lg

(17 ± 5)/g

(12 6)lg

(18 7 )lg

.5' 0.4

3.3 +0 9b
-0.7

1.7 + 0.8
0.6

571.3b
-1.2

4.8 + 3.4

9.11 .b
-1.7

6.4

3.091.'

14.5+. 33
- 3.0

2.3' 234b
- 1.5

0.04

0.092

0.176

(0.042)

0.025

(0.032)

0.35

0.052

0.22

0.36

0.22

0.62

0.68

0.52

0.48

0.23

0.30

0.47/g

0.72/g

0.4/g

0.5/g

2.51 + 0318-0.31

2.24' 0.24
-0.42

2.85 '0.11-0.14

3.15 +°015-0.19

2.86 - 0.25
- 0.30

3.14 ' 0.12
- 0.66

3.05 ± 0.44

2.94 '0.18-0.20
2.83 ± 0.30

3.22 ± 0.47

2.94 '0.13-0.15

2.91 ± 0.04

2.4 0.3-0.4

2.0 ' 0.8- 1.0

3.7 ± 0.5

2.6 -+ 0.2
-80.4

3.5 ± 0.3

30- 0.8
3.2 + 0.4

- 0.8

0.04 3.2 + 0.6

0.19 3.62 ' 0.174= 0.19

3.96 ± 0.44 [E21

0.091 2.00' 0.36- 0-0.54

0.26 3*40 1 3

0.22 3.32 + 0.20

0.36

0.25

0.13

3.47 ± 0.146'

3.34
3.23 - 0.36"- 0.33

0.56 3.10 + 0.17"- ' 21
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52
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2 5
Mg,2 , 

26Mg, 0', 0

5.31

6.82

9.14

10.08

10.84

12.56

4.43

9.85

9.97

10.70

1.60

5.77

7.03

7.81

10.43

11.37

11.76

8.22

8.52

9.24

9.29

9.67

10.20

10.65

11.20

13.33

13.66

1+,1

1',1
1',1

(1'), 1

1+,1

(1'), 1

( II) ,

1',1
1+,1

1',1

2 ,2

( 32 + ) I

(f' ) ,i
( 2 ),2

3+ 1+ 3
2 ,2 :2

(1+')

(1+)

(1+)

2'

(1+')

2'

(1+)

1'
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(1')

(1')
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Table 4 (Continued)

Excitation rT 1 1 1 1 T I Reference
NucleusJ', 2', Energy, J', r ( r,/ri (m)d

__________ (Mev) V) I w fi) -(dog)

2.4 2.1
-0.9

5-7 1

25.7 + 3.6

20.8+ 47

-3 2.0

73 2.0
-1.8

3+ 2.3- 1.7

(8.9 7)

2.8 +1.8- .4

(2.9 3-6

18.9 74
6.3

97t6.1
97- 4.1

0.0)
(1.8 + 0.7
6.2 2.0

-1.7
(2.2_ 17

8.9 3.8
-3.1

(5.0 4.0

(7.0 2)

(0.96 0.21) 10- [E2]

(1.64)

2.30

6.72

4.02

8.58
4.11

(< 1.0)
(S 1.0)
(< 1.0)

0.099

0.21

0.82

0.67

0.19

0.075

(0.15)

0.25

(0.11)

0.66

0.30

(0.11)

0.29

(0.09)

0.29

(0.13)

(0.30)

4.0

(0.083)

0.27

0.14

0.24
0.10
0.021)

(< 0.020)
(< 0.018)

3.9 ± 0.4

2.98' 0.23- 0.27

3.0 ± 0.3

2.58 + 0.21-0.25

2.93 + 0.32
-0.30

3.2 0.7
-1.2

(3.8 19

3.4+ 0.
-0.8

(2-0 1.20)( 2.0'

3.9 0.3

3 + 0.1
-0.9

(2.0 t 20.)

3 + 0.3
-0.4

(1.9 1*

34+ 0.4
-0.0

(2.3 + o293(2.3586

(3.5' 0.

135

180

180

165

180

180

180

165

155

180

165

180

180

180

180

149

180

163,164

165

166

167

166

47

93

167

168

166

167

166

67

169

67

170

171

180 1 171

C':

'-7
(7--

rr.
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7+ 
2 .2

27
AI Al 2

28sif 0', 0

32S, 0', 0

36Ar, O', 0

4 0
C, 0i, 0

58Ni, 0', 1

60Ni, O', 2

2.21

2.98

4.42

6.50

7.57

8.05

8.74

10.68

11.69

12.30

10.48

10.86

11.41

12.27

12.79

14.01

8.13

10.82

11.14

11.62

9.27

10.05

10.55

11.25

12.09

10.34

1.88

2.29

9.81

10.15

10.55

10.65

11.15

11.89
12.31
13.12
13.36
13.75

3+ i
2 ,2

1+,1

1+,1

1+,

1', 1

1', 1

1', 1

1', 1

1', 1

(1', 1)

1', 3

(1', 1)

(1+, 1)

(1', 1)

1+,1

(1t, 1)

(1-,)

t, 2
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Table 4 (Continued)

Excitation
Nucleus, Jo, T. Energy,; J, TR 'O( ReferenceJ (MeV) J(eV) r." (fin) (d:eg)IRfeec

90 Zr, O, 5 - 9 180 172,173
2 2 - 8 165 174-176

Ce"t 8.7 (1', 1) (90) (6) 165 174-176

2 1 2 8 165 174-176
2,2

19
7
Au , 22 7.9 (144) (13.9) 180 177

206
Pb, 0', 21 6.1 180 178

(6.9)

(7.3)

7.95
208

pb 0', 22 6.2 180 173,179,206

(7.3)

7.9

Note: Table 4 summarizes the results of measurements on the rlectroexcitation of 11I transitions known to the author up to August 1974.
While completeness has been attempted, no claim of it is made. When known. electroexcited E2 components have also been in-
cluded Idenoted by [E2] after the entry) as well as the maximum scattering angle 0,,, , of the experiment and the isospin quantum
number T of the level excited. These three entries are somewhat more susceptible to lack of completeness than the others. When
available, transition radii have been included for completeness. despite the doubt as to their physical reality as discussed in the sec-
tion on DWBA (page 10). Continuum transition strengths such as that observed in -He are not included. Also not included are
results not substantiated by later work on the same nucleus. The ground-state transition widths are given in both electron-volts
and Weisskopf units (i.e.J. 1',,/). Doubtful values or ambiguous assignments are presented in parentheses. The ground-state
spin. parity, and isospin are given along with each nucleus. In most cases when work by an author or group is followed shortly there-
after with more accurate and more complete results, only the later work is cited. When the results given issue from a PWBA anal-
ysis with no Coulomb distortion correction, a superscript ha is added to the value of 1;,. In instances where the excited state is un-
certain, the F, are given times the statistical weighting factorg 2j,, + 1)/(2J+ I) (or I Ig).

discrepancy [141]. In any event the value of < E Q* =s> 6.79 given by Fagg et al. [142]
should now be probably somewhat lower and thus in better agreement with the value of
6.04 calculated from the Nilsson model and with the value of 6.07 calculated in the pro-
jected Hartree-Fock formalism [68].

The structure around 13-MeV excitation in Fig. 29 is largely due to M2 transitions
[141, 142]. However, the peaks beyond 15-MeV excitation are probably caused by El
transitions, since they are at the same energies as those found at more forward angles
[143]. This qualitative result supports what was discussed in page 6 concerning the
enhanced ability to excite electric transitions at higher excitation energies using 1800
electron scattering. In fact, it has been pointed out [144] that transverse form factors
are considerably more sensitive than longitudinal ones to the configuration composition
of the level wave functions in the giant resonance region. Thus there is a need for 1800
electron scattering studies to exploit this situation.

Remarkably similar to the 24Mg spectrum in Fig. 29 is that of 28Si taken at NRL
[166] and presented in Fig. 30. Again the peaks beyond 15 MeV are at the same
energies as those found at more forward angles [180], while the structure at 14.7 and
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Fig. 30 - Spectrum of 55.9-MeV electrons scattered at 180' from 2 8Si. The 11.41-MeV peak
is comparable in height to the elastic peak, not shown. (From Ref. 166.)

13.1 MeV is due mostly to M2 transitions. The three peaks at lowest excitation energy,
due to Ml transitions, are dominated by the 11.41-MeV peak, which again is comparable
in height to the elastic peak.

In the early Stanford electron scattering investigations performed on this nucleus
[2, 47, 93] an Ml transition was observed at 11.6 MeV. Later, with more forward-angle
scattering this transition was observed at 11.42 MeV by Liesem [167], who reported for
it a value of FO = 32.4 ± 4.5 eV using a PWBA analysis. When corrected for Coulomb
distortion, this value becomes 25.7 ± 3.6, in agreement with the NRL [166] value of
20.8 ± 4.0. Both values then also agree with the photon scattering [66] value of 22.9 +
4.0. The 11.42-MeV transition was also studied at higher momentum transfers by Drake
et al. [168].

Inspection of Table 4 shows that the NRL group [166] also report Ml transitions
corresponding to the two "satellite" peaks at 10.86 and 12.27 MeV on either side of the
11.41-MeV peak in Fig. 30. In addition, even weaker transitions are reported at 10.48
and 12.79 MeV. Using the 28Si (t, 3He) 28A1 reaction, Flynn et al. [181] have studied
in 28A1 the charge-exchange mode of the above Ml resonances in 28Si. They show that
in 28A1 the intensities of the four resonances of lowest excitation energy follow approxi-
mately the same pattern as in the four of lowest energy in 28 Si.

The most likely identification of the lowest four states at 10.48, 10.86, 11.41, and
12.27 MeV with their analogs in 28A1 are to the states at 0.973, 1.372, 2.207, and 3.106
MeV, respectively [138, 182]. A value of < z Q - s > = 8.8, obtained from the NRL
results, is more consistent with the Nilsson model oblate value of 7.6 than with the
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prolate (using rl = 4) value of 4.3 (28Si has been established as oblate [183, 184]). How-
ever, this experimental value is higher than the value calculated with the projected Hartree-
Fock formalism, namely < I Q * s > = 6.05 [68].

In 32S the Stanford survey work at 1800 reported possible MI transitions at 5.7, 8.5,
and 11.4 MeV [10] and, in a later work, at 4.7 and 5.55 MeV [112]. More recent work
[67] showed Ml transitions at 8.13, 10.82, 11.14, and 11.62 MeV. Because of the low
melting point of sulfur, a CaS target was used by Fagg et al. and a Ca spectrum subtracted
to find that for S. Consequently, the resulting poor statistics made it impossible to ob-
serve the transitions to 1+ levels at 7.00, 9.21, and 9.24 MeV [185, 186]. Thus nothing
meaningful can yet be said from these data about the Ml sum strength in this nucleus.

The levels at 7.00 and 8.13 MeV and 1+ analogs of the ground and 1.149 excited
states, respectively, in 32S [186]. A careful measurement of FO for the 7.00-MeV transi-
tion would be of considerable interest since the 32p ground state, as in the case of the
14 C ground state mentioned earlier, exhibits an unexpectedly weak p3-decay transition
probability.

One clear quantitative result of the NRL work was that considerable fragmentation
of the Ml strength is observed in 32S. Kurath [71] offers a possible explanation for this
increase in fragmentation. Using an adiabatic model of a triaxially deformed rotor, he
showed that more fragmentation would occur in 32S than for an axially symmetric model.
Also, he felt that the inclusion of Coriolis coupling might induce further fragmentation.

Such fragmentation persists in the 3 6Ar spectrum [169] presented in Fig. 31. Not
all of the peaks in this spectrum correspond to Ml transitions. In fact only the transi-
tions at 10.05 and 11.25 MeV are unambiguous from the analysis, with the transitions at
9.27, 10.55, and 12.09 being possibly Ml. The transition widths for the latter three
levels are given in Table 4, analyzed both as Ml and M2 transitions. Again, because of
the marked fragmentation no discussion will be given here of the Ml sum strength.

The NRL results of Ml transition strength measurements for all of the self-conjugate
sd shell nuclei are summarized in Fig. 32. Each column corresponds to an observed Ml
transition. The height of each column is proportional to the percentage of maximum
possible total Ml strength expected using Kurath's sum rule, corresponding to a spherical
nucleus in the independent particle shell model. The increase in fragmentation in passing
from 28Si to 32S is not as apparent here as it is on visual inspection of the spectra, but
nevertheless seems to be present.

Finally, it might be commented that, just as with 160, Ml strength in 4 OCa is not
expected to exist, according to the Kurath rule. However, analogous to the case of the
16.21-MeV transition in 160 mentioned earlier, the NRL study of 4OCa [67] shows an
Ml transition at 10.34 MeV. Its existence is given some support by the report of a 1+
level in 40K [187-189] at 2.290 MeV, which may be the analog of the former level.
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Fig. 31 -Spectrum of 56.2-MeV electrons scattered at 180° from 36Ar. If the
ordinate is regarded as arbitrary counting rate, the dashed curve gives a compari-
son of the counting rate resulting from the two Havar foils (target chamber evacu-
ated [ 60 ] ) with that resulting from the chamber-filled condition; it is not a cross-
section curve. (From Ref. 169.)

Other Than Self-Conjugate Nuclei

Preliminary Remarks -A few general and qualitative features may be mentioned
which are of interest in the study of these nuclei. First, it is important to understand
how the Ml strength becomes fragmented with the addition of one to three nucleons to
a self-conjugate nucleus. Corollary to this is an understanding of the behavior of Ml
transitions in nuclei with a few valence nucleons or holes near closed shells or subshells.
It is also of interest to see how 180° electron scattering can highlight some of the collec-
tive rotational features in odd-A nuclei and contribute to their understanding.

However, perhaps of most recent importance is the study of giant magnetic dipole
resonances in heavy nuclei near or at closed shells. If one accepts for a qualitative defi-
nition of a giant resonance, one in which a majority of the transition strength resides in
a relatively small excitation energy region, then some of these resonances appear to
qualify. Because of the high-level densities in heavy nuclei, such resonances often repre-
sent the composite strength of several relatively closely grouped transitions, whereas the
resonances seen in the p and sd shells usually correspond to discrete levels. Again, the
nuclei examined in this section will be discussed in order of increasing A.
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Fig. 32 - Strength of MI transition vs excitation energy for
self-conjugate nuclei of the sd shell. The strengths are normal-
ized to the total Ml strength expected using Kurath's sum rule
for a spherical nucleus in the independent particle shell model.
(From Ref. 1.)

s-Shell Nuclei - The examination of 3He using 1800 electron scattering, the product
of a joint American University-NRL effort [190], was the first study of the Ml continuum
in this nucleus. The experiment was primarily a difference measurement between 3 He and
4 He, the normalized spectra for which are shown in Fig. 33. In the elastic region can be
seen the striking contrast between the magnetic scattering from 3He and the pure charge
scattering from 4 He at 1800. Such a phenomenon is only observable in the very light
nuclei since the Z2 charge-scattering dependence soon begins to produce elastic peaks in
heavier nuclei due to the effects of finite solid angle and of multiple scattering and strag-
gling in the target. The greater intensity of the 3 He continuum in the 0- to 5-MeV
excitation region is due to magnetic bremsstrahlung. At 5.5-MeV and 7.7-MeV excitation
are the two- and three-body breakup thresholds, respectively.

For some while the surprising continuum strength in 3 He was not adequately ex-
plained since selection rules prohibit an Ml transition from the 92% S-state component
of the ground state to the continuum. The possibility that the strength could arise from
the < 2% S' mixed symmetry component of the ground state and/or from meson ex-
change currents was suggested [190]. However, although the role that meson exchange
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Fig. 33 - Normalized spectra of 56.6-MeV electrons scattered at 180° from
3He and 4 He (here the average scattering angle of 178.90 is given). The filled
circles correspond to 3 He and the unfilled circles to 4 He. (From Ref. 190.)

currents play here is still unclear, O'Connell and Gibson [191] have since shown that the
above selection rule is only valid for q = 0 and rapidly breaks down as q is increased.

A further study of 3He is presently under way at the National Bureau of Standards
(NBS) with more forward-angle scattering as well as at 1800 at NRL. Also, an investigation
of 3 H is imminent at both of these laboratories.

p-Shell Nuclei - The 180° scattering system at Amsterdam was used to study the
Ml transition [53, 192, 193] to the 2-state at 0.478 MeV in 7Li (ground-state spin, 2)-
The spectrum presented in Fig. 34 separating the elastic and 0.478-MeV peaks exhibits
the fine resolution of the Amsterdam system. A value of F0 = (6.30 ± 0.31) * 10-3 eV
was measured. This number is based on the experimental value of the magnetic dipole
moment of the ground state and agrees with the average value from the literature [194].
An E2 component of this transition was also electroexcited with values reported of
ro = (2.8 ± 1.6) - 10-7 eV [53] and fo = (2.74 ± 0.40) - 10-7 eV [145]. A weaker
Ml transition to a 2- level at 11.28 MeV has been investigated by the Darmstadt group
[147] using more forward-angle scattering. They reported a preliminary value of
ro = 1.3 ± 0.4 eV.

The relative lack of fragmentation in 7Li is not present in 9 Be (ground-state spin 2)
in which several electroexcited Ml transitions have been reported. The Ml transition to
the 2 state at 2.44 MeV was first investigated by the Stanford group [2, 47]. Later the
Darmstadt group [148, 195] reported the strength of the E2 component of this transition
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Fig. 34 - Spectrum of 60-MeV electrons scattered from 7Li
using the IKO Amsterdam 1800 scattering system. The separa-
tion of the elastic peak and the 0.478-MeV inelastic peak is
apparent. (From Ref. 193, © 1971 North-Holland Publishing
Co., Amsterdam, The Netherlands. Used by permission.)

as well as the strength of Ml transitions to 2 , (-2 ), ( 2 ), and 2 states at 3.04, 14.39,
15.97, and 16.96 MeV, respectively (parentheses indicate tentative assignments). The
states at 14.39 and 16.96 MeV were reported with isospin T = 3, in general agreement
with intermediate coupling calculations [99]. Part of the Darmstadt work [148] had as
one of its goals determining the existence of a theoretically predicted [99, 196] strong
Ml transition below 5-MeV excitation. Clerc et al. suggest the 3.04-MeV transition as a
candidate for this transition. Since it was suggested [197] that the state at 2.44 MeV
was an appropriate example for investigating the lf admixture to lp-shell states, another
goal of this work [148] was an accurate determination of this admixture. They conclude
that the if admixture is small enough to regard the state as being described essentially by
a p-shell configuration. Also reported is the strength of the E2 component of this transi-
tion, ro = (1.89 ± 0.13) * 10-3 eV.

More recent work at Saskatchewan [149] was designed to study a feature that 9 Be
has in common with a few other nuclei, namely, the existence of several narrow states
near 16-MeV excitation. Since isospin-conserving particle decay channels are energetically
unfavored, the T = 3 levels are expected to have very narrow widths. The Saskatchewan
work roughly confirms that of Darmstadt on the 14.39- and 16.96-MeV levels and reports
in addition possible Ml transitions to < 2 levels at 16.63 and 17.28 MeV. The possibility
of some M2 strength also exists at approximately these energies, again supporting earlier
Darmstadt studies [195].
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The Glasgow group also studied 9 Be, finding transverse strength in the 2.2- to 3.6-
MeV and 4.5- to 6.5-MeV excitation regions [198]. A summary of the results accumu-
lated for 9Be is presented in Table 4.

Considerable fragmentation of Ml transition strength also prevails in l1B (ground-
state spin 2 ). The Ml transition to the 2 state at 2.12 MeV was examined at Stanford

53. 3 5 
[47, 112]. The transitions to the 2, 2-, 2 and 2 states at 4.44, 5.02, 8.57, and
8.93 MeV, respectively, were investigated at Darmstadt [111, 151]. A more recent Uni-
versity of Massachusetts-NBS collaboration [150] reports confirmation of the Ml transi-
tion widths for the 2.12-, 4.44-, 5.02-, 8.57-, and 8.93-MeV transitions given by the
earlier workers [111, 112, 151]. However, their value for the E2 component of the
8.57-MeV transition is considerably lower than that given by Spamer [111]. The
Massachusetts-NBS group also observed a mixed M1-E2 transition to a (2 of 2 ) state
at 13.0 MeV. Again the transition widths, along with those of the E2 components for
the 11B Ml transitions, are given in Table 4.

3 -
The strong Ml transition to the 2 state at 15.11 MeV in 13C (ground-state spin,

was measured by Peterson [117] who reported a value of ro = 25 ± 7 eV. This
measurement was later supported at Darmstadt [154] where a value of ro = 22.7 ± 2.6

3.. 1 3 I .3-
eV was reported. In this experiment Ml transitions to the i , , 2, (2 or 2 ), and
2- states at 3.69, 8.86, 9.90, 11.07, and 11.80 MeV, respectively, were also investigated.
Recent work using the 1800 electron scattering facility at Amsterdam [155] has pro-
duced the spectrum presented in Fig. 35. The peaks corresponding to the Ml transitions
to the 3.69- and 15.11-MeV states are especially prominent. The peak at 7.54 corresponds
primarily to an E2 transition.

With the addition of a neutron (to 13C), not much more fragmentation of Ml strength
seems to appear in 14C than was already present in 13C. This is apparent from the 180°
electron scattering spectrum shown in Fig. 36, which was the result of a Catholic Univer-
sity-NRL collaborative effort [156]. The peak at 11.3 MeV dominates the spectrum and
is probably produced by an Ml transition. A target consisting of 14 C powder sandwiched
between Be foils was used. Small capillaries containing filters to prevent passage of the
14C particles made vacuum equalization possible.

Increased fragmentation of Ml strength still does not seem to occur in 15N (ground-
state spin, 2 ), where the dominant transition is to the 2 state at 6.32 MeV [157]. The
properties of this state and its mirror state in 150 provide a sensitive test of the purity of

3 -single-hole wave functions [157, Ref. 1]. Weaker transitions to the 2 states at 9.16 and
11.88 MeV have also been studied [158]. All three of the above transitions have E2
components (see Table 4).

Clerc [158] gave a brief but quite useful review of the electron scattering data then
available on the lp-shell. He shows that there is a good agreement between the experi-
mental Ml ground-state transition widths and those calculated in the shell model by
Cohen and Kurath [196]. He also summarizes the Ml transition strengths in the lp-
shell as shown in Fig. 37, which gives a helpful overall picture of the strength distribution.
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Fig. 35 - Spectrum of 45-MeV electrons scattered from 13C using 1800 scattering system
at IKO Amsterdam. (From Ref. 155.)
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Fig. 36 - Spectrum of 50.5-MeV electrons scattered at 1800 from
14C. Hydrogen and 12C contamination peaks are at 4.8 and 15.1
MeV, respectively. (From Ref. 156.)
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Fig. 37 - Strengths of Ml transitions in lp-shell nuclei (in Weisskopf units) vs
excitation energy. Most, but not all, transitions shown are from electro-excitation
results: g = (2J+ 1)/(2JO + 1). (From Ref. 158.)

sd Shell Nuclei - Barber et al. [10] reported a probably Ml transition to the 2
state at 7.7 MeV in 19F. However, more recent work confirming this observation as
well as extending the investigation of this nucleus has not been reported thus far.

The addition of two neutrons to 2ONe, the spectrum of which was shown in
Fig. 27, produces considerable fragmentation of the Ml strength. This can be seen in
the 22Ne spectrum taken at 1800 [17] and presented in Fig. 38. In a PWBA analysis
corrected for Coulomb distortion effects, unambiguous assignments of 1+ were made
for the states at 5.31, 6.82, 9.14, and 10.84 MeV. Ambiguous (1+ or 1-) assignments
were given to states at 10.08 and 12.56 MeV. The experimental results were com-
pared with the shell model calculations of Preedom and Wildenthal [199] who assume
an 160 core and a configuration space involving six nucleons in the sdc shell. The
energy positions of the theoretically predicted 1+ levels in the excitation region under
study (cw < 13 MeV) are in good agreement with experiment. There is also general
agreement as to relative transition strengths; however, the absolute theoretical strengths
are on the average too high. The experimental Ml strength observed exhausts some-
what more than half of the Kurath sum rule calculated using the wave functions of
the above shell model.

The only electroexcited Ml transition thus far reported in 23Na (ground-state
spin 3+) is that to the state at 4.43 MeV [159]. In a PWBA analysis a value of
ro = 0.64 ± 0.06 eV was determined for this transition.

An interesting example of how 1800 electron scattering can highlight the rota-
5 +

tional features in an odd-A nucleus is illustrated in the 25Mg (ground-state spin, i )
spectrum shown in Fig. 39 [161]. Although many levels exist in the 0- to 5.8-MeV
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Fig. 39 -Spectrum of 55.9-MeV electrons scattered at 180° from 25Mg.
(From Ref. 161.)
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excitation range that would ordinarily be reached by an Ml transition, only that at 1.60
MeV is excited. This result constitutes a convincing example of the AK = 0, ± 1 selec-
tion rule, for the 1.60-MeV level is the + first excited state of the K = + ground-state
rotational band, while all other candidates in the 0- to 5.8-MeV region belong to K = 2
bands. The peak at 7.81 MeV corresponds to the unresolved T = analogs of the ground
I , and first excited 2 , states in 25 Na, which are 90 keV apart.

In an early 180° scattering survey of 27A1 by the Stanford group [10], peaks were
observed at 4.8, 8.0, 10.6, and 12.8 MeV. In a later observation at Saclay [163, 164] a
mixed Ml, E2 transition at 2.21 MeV was reported. It might also be mentioned that
spectra of 1800 scattering from 27A1 have been observed more recently [165]. Analysis
is not complete but peaks appear at 2.23-, 2.98-, 4.42-, 6.50-, 7.57-, 8.05-, 8.74-, 10.68-,
11.69-, and 12.30-MeV excitation levels.

The addition of two neutrons to the 24Mg core leads to noticeably more fragmentation
of Ml strength in 26Mg than is observed in 22Ne. The Darmstadt group [160] first ob-
served some nine magnetic transitions in the excitation region between 8 and 14 MeV.
These observations were generally confirmed using 1800 scattering [52]. However, the
latter study reports an Ml transition at 13.66 MeV in addition, while the Darmstadt
results show a magnetic transition at 8.22 MeV not observed at NRL. Bendel et al.
analyzed the data in a PWBA analysis and gave values of F0 for nine transitions which
are included in Table 4. Recently the Glasgow group [162] investigated the excitation
region up to 11 MeV and reported more accurate values of ro for the 10.20- and 10.65-
MeV transitions, which are in agreement with the NRL numbers, but found that the 8.52-
MeV transition is transverse E2, not Ml. It might be observed that while considerable
fragmentation of Ml strength exists, nevertheless qualitatively there is some concentration,
since all this strength resides within an energy range of about 5 MeV.

The early results of 1800 electron scattering surveys on 31p by Barber et al. [10]
and Kossanyi-Demay and Vanpraet [200] are not in agreement as to the energies of the
peaks observed. Consequently they are neither discussed here nor included in Table 4.

In a collaborative effort between the University of Massachusetts and NRL [201]
the transition to the 2 + level at 2.53 MeV in 39K (ground-state 2 + ) has been examined.
This is an allowed E2, but an 2-forbidden Ml, transition. Previous measurements [202]
indicated that there might be considerable Ml excitation of this level due to violation of
the forbiddenness arising from configuration mixing or, to a lesser extent, from modifica-
tion of the Ml operator (by meson exchange currents, for example). Preliminary results,
however, indicate that the Ml strength is indeed small. Finally, it might be mentioned
that (-y, y') experiments [203] have revealed several Ml transitions in 19F, 2 3 Na, 27A1,
and 31p.

A > 40 Nuclei - This region of the periodic table has been relatively unexplored by
backward electron scattering techniques, and only in the last few years has a strong inter-
est arisen as a result of observations of giant Ml resonances in some of the heavy nuclei.
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In the [p shell, work done at Yale on 5 5Mn (ground-state spin, 2 ) [170] reveals
evidence for some Ml strength in the 1.88- and 2.29-MeV transitions. As the first step
in a systematic program to study the relative contributions of Ml strength to the T> and
T< states among the isotopes of nickel, an NRL-NBS collaborative group [171] studied
58Ni and 6ONi using 1800, as well as more forward-angle, scattering. The spectrum pre-
sented in Fig. 40 shows structure in regions centered at 6.5, 8.5, and 10 MeV in 58Ni.
The two lower energy regions are, at least in part, tentatively associated with M2 transi-
tions to T = 1 states, while peaks at 10.15, 10.55, 10.65 and 11.15 MeV result from Ml
transitions to T = 2 states. Charge exchange resonances have been observed to these four
states in 5 8Co [204] using the (t, 3He) reaction.

58 58 GND60 ..2'' ~~~~~~~~~~Ni(e~e) Ni
* . * ~~~~~~~~~Ee = 61.3 MeV 

9.88+0.05 E- 68°MXV

40 -I06

a 4O _, A, ,8.38

LU20 _ A 4.47 3.22 1A .4
20-

18 16 14 12 10 8 6 4 2 0
-Ex 1MeV)

Fig. 40 - Spectrum of 61.3-MeV electrons scattered at 1800 from 58 Ni.
(From Ref. 171.)

A joint (State University of New York) SUNY-NRL investigation using 1800 scatter-
ing [172, 173] was made to observe Ml strength produced by spin-flip transitions from
the filled g2 neutron shell in 9 0Zr. A structure from 7.5 to 10.5 MeV, peaking at about
9 MeV, was observed in the spectrum (which extended to 14 MeV) at the highest incident
energy (E = 60 MeV). However, no structure at all was in evidence at the lowest energy
(E = 37 MeV). Thus, the extent to which these results represent Ml strength vs other
multipolarities cannot be determined from these data alone.

In an experiment using natural targets of La, Ce, and Pr the Darmstadt group [174-
176] observed an enhancement of the intensity of a broad peak at 9 MeV in their spectra
at backward angles. This is evidence for a general Ml resonance among these nuclei at
about that excitation energy. In Fig. 41 the broad peak (about 3 MeV FWHM) at 7.9
MeV was observed by Lone et al. [177] in a 180° scattering study of 19 7Au. The analy-
sis indicates that the structure is most consistent with the assumption of a group of Ml
transitions in this excitation region. Spin-flip transitions primarily from the h 12 proton
and i 13 neutron shells may be responsible for much of this strength. A tentative value
of FO 144 eV is given for the composite of this transition strength.
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Fig. 41- Spectra of 37-, 50-, and 60-MeV electrons scattered at
1800 from 197 Au. (From Ref. 177.)

The possibility of spin-flip transitions from the proton hA2 and neutron i12 shells is
even greater for the lead isotopes. Both more forward-angle [205] and 180° [173, 179,
206] scattering observations have been made on possible Ml transitions in 208Pb. In
each observation, peaks are evident at 6.2, 7.3, and 7.9 MeV, e.g., as seen in Fig. 42.
The structure at .7.3 MeV appears to be an unresolved group of transitions that increase
in intensity much more rapidly with increasing q than the peaks at 6.2 and 7.9 MeV.
Although analysis of the electron scattering results has not been completed, the peak at
7.9 MeV may be associated with the Ml structure observed at this excitation by threshold
photoneutron techniques [207].

Vergados [208], in a calculation designed to examine configuration-mixing effects
on Ml transitions in the Pb region, predicted such transitions at 5.5 and 7.5 MeV. Thus
it was initially tempting to associate the peaks at 6.2 and 7.9 MeV with these transitions.
However, in a resonance fluorescence experiment [209] an Ml transition at 4.8 MeV has
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Fig. 42 - Spectrum of 50.5-MeV electrons scattered at 1800 from
208 Pb 6 (From Refs. 173 and 179.)

been observed with a value of 10 = 5 eV. Thus the picture of the Ml strength distribu-
tion in 208 Pb is as yet unclear. The Darmstadt group is at present reexamining this
nucleus with their new high-resolution energy-loss system with the hope of contributing
some clarification.

Still in progress is a study of 2 0 6 Pb using 18O0 scattering [178], which reveals peaks
at about the same energies as in 208Pb: 6.1, 6.9, 7.3, and 7.95 MeV. Although much
work in this region of the nuclides remains to be done, the pattern that seems to be
emerging is one which exhibits at least considerable Ml transition strengths in the 7- to
8-MeV excitation region. In this connection it should be noted that with (-y, 'y') experi-
ments [210], Ml strength in this excitation region has been observed in 1 4 1 Pr, 144Nd,
2 0 5 T1, 208Pb, and 209Bi.

Remarks on Some Closely Related Experimental Ml Studies

The purpose here is to call attention very briefly to a few types of closely related
experiments designed to study Ml transitions besides the frequently cited nuclear reac-
tion (y, y') and resonance fluorescence experiments. The study of final states excited
in negative muon capture has proved a valuable complement to back-angle electron
scattering observations of Ml transitions. This is typified in the work of Miller et al.
[211] on Ml transitions in 24Mg and 28Si. A review of the study of nuclear structure
by muon capture has recently been written by eberall [212]. The investigation of
charge exchange Ml resonances to states which are analogs of those excited by back-
angle electron scattering has generated considerable recent interest. Such studies using
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the (t, 3He) reaction have been made on the Ml transitions in 28A1 and 58 Co, for
example [181, 204]. Also of considerable interest has been the study of Ml transitions
from T = 2 states in self-conjugate nuclei. These transitions feed the T = 1 levels which
are the subject of backward-angle electron scattering observations. In various nuclear
reactions, such transitions from T = 2 levels have been observed in 2ONe [213], 24Mg
[214], 28Si [215], and 32S [185].

CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

If one considers the early Stanford survey work on electroexcitation of Ml transi-
tions to be the first phase of a progression to more refined measurements, then the
second phase made possible by the laboratories at Darmstadt, Amsterdam, National
Bureau of Standards (NBS), Saskatchewan, Glasgow, and NRL is now drawing to a close.
The third phase generated by the development of the energy-loss (dispersion-matching)
technique is already under way, with the first such system having recently become opera-
tional at Darmstadt.

Clearly, much of the work done in the second phase should be repeated. This is
certainly true of work in the sd shell, particularly the upper part of the shell. A careful
study of 32S is especially needed. There are also some nuclei in the p-shell that should
be reexamined, outstanding candidates being 7Li, 10B, and 1 4N.

Although the high-energy electron scattering studies of nuclei in the s-shell command
the most current interest, more accurate low-q measurements would still be useful. In
this connection the work currently progressing on 3He and 3H at NBS and NRL should
be helpful.

The nuclei with A > 40 constitute a relatively unexplored region. Closed-shell, or
nearly closed, nuclei where spin-flip transitions are more possible have naturally been
receiving the most attention. However, the situation among these nuclei needs much
clarification, which will probably mean that they will remain in high priority for obser-
vation for some time.
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GLOSSARY OF SYMBOLS

Some of the symbols listed below may be used at times to denote other quantities
in the text. However, when this is the case, such use will be clear from the definitions
accompanying them as well as from the context. Other symbols used only rarely are
defined in the text.

a spin-orbit coupling parameter

A atomic number

B(XL,q) reduced transition matrix element where X = E (electric),
or M (magnetic)

E, E' incident and scattered electron energies, respectively

fC Coulomb distortion correction coefficient,
fe = (da/d2)DWBA/(da/d2)PWBA

H nuclear Hamiltonian

J0 ,J ground- and excited-state spins, respectively

k photon momentum

Q nuclear orbital angular momentum

L transition multipolarity

m electron mass

pp' incident and scattered electron momenta, respectively

q momentum transfer

Rc nuclear charge radius

Rm nuclear matter radius

Rtr nuclear transition radius

s nuclear spin

T isospin quantum number

Z nuclear charge

a fine structure constant

F0 ground-state width for electromagnetic transitions

11 nuclear magnetic moment operator

0 angle of electron scattering

a general term for cross section

ia Pauli spin operator

1T isospin operator (T3, its third component)

X nuclear excitation energy

solid angle
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